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ABSTRACT 


Granulated samples of acidic igneous rocks have 
been found to give a much higher rate of emission 
of alpha particles than corresponds to the known 
total contents of uranium and thorium. Abnor- 
mally large residual ranges of the alpha particles 
suggest a surficial distribution of the radioactive 
elements on the surfaces of the granules in the 
form of secondary mineral coatings. Most of the 
alpha-particle activity can be removed by dilute 
hydrochloric acid, leaving an activity correspond- 
ing to the low content of uranium and thorium 
found in san¢siones and arkoses, in which the 


_ essential mineral grains of granites have been 


rounded and cleaned by attrition. The proportion 
of surficial activity appears to be less for granite 
samples taken from considerable depth below the 
surface than for samples from the zone of surface- 
water saturation. Losses of activity by acid treat- 
ment appear to be related to the degree of reten- 
tivity of helium in different igneous rock types. 
Determination of the helium age ratio before and 
after acid treatment suggests that the essential 
tock minerals contain as much helium as they 
should commensurate with their age and with the 
quantity of radioelements unifornily distributed 
within them, and not removable by acid. The low 


* This work has been supported by the Office 
of Naval Research in a laboratory constructed 
under a grant from The Penrose Bequest of The 
Geological Society of America. 


ratio of helium to radioactivity for the rock as a 
whole may be due either to loss of helium from 
highly radioactive areas that are easily affected by 
acid and thus also probably by ground waters, or 
to actual supergene enrichment of radioelements 
late in the history of the rock. 


INTRODUCTION 


In an earlier paper (Nogami and Hurley, 
1948), an analysis was made of the absorption 
of alpha particles in a solid source. This analysis 
was made for the hypothetical case of radioac- 
tive atoms distributed uniformly throughout a 
homogeneous material. It was pointed out that 
absorption corrections for the counting of alpha 
particles from various minerals and mineral 
aggregates will not apply to materials wherein 
the radioelements are contained in crystalline 
structures within the aggregate for which the 
absorption corrections are widely different from 
the aggregate as a whole. As demonstrated here 
the alpha activity from thick sources of many 
igneous rocks cannot be used directly to com- 
pute the total amount present because the ac- 
tivity seems to be related to surfaces of the 
comminuted material, and to previous exposure 
of the rock to ground waters. 

Observations of pleochroic halos, and direct 
measurements (Keevil, Larsen, and Wank, 
1944; Poole and Bremner, 1949), have shown 
that the radioactive elements occur in granites 
largely in scattered concentrations which seem 
to be related to certain accessory minerals. 
These concentrations appear to be high relative 
to the content of the radioelements dispersed 
throughout the essential minerals. 

Consider an aggregate of ground quartz and 
feldspar and within this matrix little crystals 
that contain all the radioelements in the ag- 
gregate as a whole. Even if the sample were not 
ground to the dimensions of the small radio- 
active crystals, the overall absorption correction 
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for the alpha-particle counting must lie be- 
tween the absorption correction for the pure 
quartz-feldspar matrix and the absorption cor- 
rection for a source made up entirely of the 
radioactive crystals. In nearly all cases the rate 
of emission of alpha particles from granitic 


of pulse heights would not be observed, and the 
mean height would be reduced considerably, 


An apparatus for the analysis of alpha-parp 


ticle ranges was not available, so that visual 
counts were made on the recorded pulse heights 
from various samples. It was found that for 


FicurE 1.—ComParRIson OF ALPHA PutsE HEIGHTS 
Upper record, granulated granite; lower record, clean arkose. 


rocks is several times the rate predicted from 
the total uranium and thorium content and the 
absorption correction for the above hypothetical 
distribution. Furthermore, the residual ranges 
of the alpha particles after they leave the sur- 
face of the sample indicates a considerably 
larger proportion of the radioactive atoms on 
exposed surfaces of the granulated material than 
would be the case for the hypothetical aggre- 
gate of small radioactive crystals scattered 
throughout a less radioactive matrix. 


ALPHA ParTICLE ANALYSIS 


For an alpha particle originating beneath a 
solid surface and emerging from the solid into 
a gas, the total ionization of the gas is given by 
the area under the Bragg curve for the remain- 
ing energy of the alpha particle. When an 
ionization chamber is used that permits the 
alpha particle to travel its full zange in the gas, 
and the charges on the ions are collected and 
fed into a vibrating reed electrometer, the 
height of the “pulse” on the recording instru- 
ment (Fig. 1) is proportional to the remaining 
energy of the alpha particle. An analysis of 
these pulse heights gives the distribution of the 
radioactive elements within and on the sur- 
face of the solid source. If all the radioactive 
atoms in the uranium and thorium series were 
present in equilibrium amounts and were situ- 
ated all on the surface of the solid source, the 
distribution of pulse heights would correspond 
to the discrete energies of the 22 alpha particles 
associated with these atoms. If all the radio- 
active atoms were distributed uniformly 
throughout the solid medium, this distribution 


chemical precipitates, certain mineral samples 
that appear to have radioactive atoms dis- 
tributed throughout their structures, and for 
“leached” samples to be discussed later, 95 per 
cent of the pulse heights at a particular instru- 
mental sensitivity were less than 5.6 mm. 
Therefore, the ratio of the number of pulses 
exceeding 5.6 mm. in height to the total number 
of pulses counted can be regarded as a measure 
of the “superficiality” of the radioelements in 
the source. Figure 1 shows a comparison of a 
typical record for granulated granite with a 
record for a sample of arkose that has had the 
superficial activity removed from the grains. 
The arkose record is typical of some of the 
magnetite samples that appear to show correct 
helium ages. 

It was observed that samples of granitic rocks 
gave the highest pulse-height ratio. Two or 
three of the magnetite samples showing anom- 
alous helium age ratios also exhibited high pulse- 
height ratios. It appeared, therefore, that a 
significant proportion of the radioelements 
exists in surface coatings on the granules of the 
granite samples, rather than entirely in con- 
junction with essential and accessory minerals 
as usually supposed. 


LEACHING TESTS 


In order to investigate further the surficial 
occurrence of the radioelements a number of 
samples of granite were crushed to various de- 
grees of fineness and treated with different re- 
agents. Dilute hydrochloric acid removed al- 
most all the uranium and/or thorium in most 
of the granitic samples, leaving what appeared 
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to be otherwise untouched grains of the es- 
sential rock minerals with very low activity. 
The activity of the sample was generally re- 
duced by a factor of 5 to 10, by this treatment. 
When a sample of granite is crushed, it is 
expected that it will break along intergranular 
boundaries and along surfaces within the essen- 
tial minerals which are structurally weak. These 
surfaces may be fractures resulting from stresses 
in the cooling of the igneous bodies, lineages, 
or lines of weakness caused by the develop- 
ment of secondary minerals which may be 
either deuteric or supergene. The activity dis- 
tributed along the surfaces may be in the form 
of scattered, minute crystals, or more uniform 
coatings of secondary minerals like some of the 
stable phosphates such as vivianite or torber- 
nite. The thickness of the activity-carrying 
material must be less than the range of alpha 
particles in this material, otherwise the pulse- 
height distribution would be similar to that in 
Figure 1 for arkose in which the activity was 
homogeneously distributed throughout the 
mass. 
It has been observed by several investigators 
that a large percentage of the radioactive gases 
radon and thoron generally escapes from pul- 
verized samples of granite. The recoil energies 
imparted to the atoms of these gases when they 
are formed are much too low to drive them out 
of a crystal structure even when they occur 
within a few atomic layers of the surface. Possi- 
bly the material in which the parent elements 
of these gases occurs is so disordered, or the 


- parent elements occur so superficially, that the 


atoms of radon and thoron escape readily by 
thermal agitation alone. This observation thus 
presents further evidence of extremely thin 
coatings of radioelements, although mechanical 
disruption of the crystal structure by the alpha 
particles may permit the migration of radon 
and thoron out of accessory minerals with a 
high content of radioelements. 

It is important to take precautions against 
the counting of escaped radon and thoron 
atoms. The ionization chamber was continu- 
ously flushed with a strong stream of nitrogen 
to remove escaping radon and thoron. That 
these elements were effectively removed and 
not counted was demonstrated by the lack of 
any growth of activity which would have been 


observed if radon and/or thoron had escaped 
and disintegrated in the ionization chamber. 

Measurements of the alpha-particle activity 
of samples of Quincy granite derived from a 


TABLE 1.—MEASUREMENTS OF ALPHA-PARTICLE 
Activity oF Quincy GRANITE, GROUND AND 
SCREENED INTO Four Sizep FRACTIONS 


Frac- | Frac- | Frac- | Frac- 
Successive Treatments | | 250-470 | 125-250| 
microns |microns |microns |microns 
1. Original sample...|; 9.6 | 7.0; 7.7 | 10.8 
2. After cold water 
3. After 24 hrs. in 
hot water...... ts 
4. After 2 hrs. in hot 
5. After 16 more hrs. 
in hot 1:5 HCl.| 1.0] 1.0] 1.0] 1.1 
6. After 16 hrs. in hot 
aqua regia........| 1.0 
Per cent Pulse 
heights exceed- 
ing 5.6 mm..... 
Original sample....| 22. | 17. | 24. | 23. 
After acid leach..| 4.2 | 4.4] 4.0] 4.2 


Activity given in units of alpha pulses per cm? of 
source per hr. from thick granular source in a 2 
w-geometry counter, with all alphas recorded that 
have a residual range after emergence from the 
source of more than 0.5 air cms. 


single specimen that was crushed and screened 
into four sized fractions are listed in Table 1. 
After several hours’ treatment with dilute hy- 
drochloric acid, the activity could not ap- 
parently be further reduced. The residual ac- 
tivity was the same in all four sized fractions. 

The pulse-height ratios for the samples before 
and after acid treatment are also shown in 
Table 1. The proportion of pulses exceeding 5.6 
mm. for the original untreated sample aver- 
aged 22 per cent for the four fractions, indicat- 
ing a concentration of the radioelements on the 
surfaces of grains for all the sizes. After acid 
treatment, the ratio dropped to an average of 
4 per cent, which is about the value found for 
supposedly homogeneous materials. 

A rough test was made on the amount of 
activity in the hydrochloric acid solution, after 


and the 
erably, 
ha-par. 
visual 
eights | | 
iat for 
nples 
dis- 
d for 
5 per 
stru- 
mm. 
ulses 
nber 
Sure 
in 
of a | 
the 
ins. 
the | 
rect 
= 
or 
“| °° 
se- 
nts | 
he 
n- 
of | 
it 
d 


4 


treating a sample of rock. It was found that 
an amount of uranium and/or thorium had gone 
into the solution that would account for all the 
activity lost by the rock sample. 

The content of uranium and thorium in the 
Quincy granite has been measured several times 
in the past. Separate measurements of radon 
and thoron by Keevil (1938) for several speci- 
mens gave average values of 0.99 x 10-" gm./ 
gm. radium and 8.95 x 10-¢ gm./gm. thorium. 
Goodman and Evans, and L. F. Curtiss have 
checked the value for radium closely. Urry 
(1948), in an experiment in which he added 
equivalent amounts of uranium series, thorium 
series, and potassium to a bulk sample of the 
granite, and thereby found the gamma radiation 
to be almost exactly doubled, verified these 
values independently. The counting rate for the 
experimental conditions described in the foot- 
note to Table 1 is given by: 


E(as/cm*.hr) = 915 pwd (Ra + .105 Th) 


where Ra is in units of 10-% gm./gm. and Th 
in units of 10-* gm./gm., and both series in 
radioactive equilibrium. The absorption term 
ud is about .0016 for Quincy granite. The cal- 


TABLE 2.—REDUCTION IN THE ALPHA-PARTICLE 
Activity OF GRANULATED SAMPLES OF DIABASE 
AND GRANITE, BY Acip LEACH 


inal | 
Sample Activity] “HCI | ‘ore! 
Leach | Act. 

a/cm*/ | a/cm?/ 

hr. hr. 

327. Pa’*ade diabase...... .68| .27| .40 
329 Tvusade diabase...... .43 | .73 
1210 Logan Sill diabase. . . . .31 | .41 
1207 Logan Sill diabase....| 2.0 | .34]| .17 
Average ratio for diabases............. -43 


304 Creighton granite..... 3.7) 
303 Sudbury micropegma- 
3.4 | 1.14 34 
1082 Keene, N. H., granite | 5.5 | .89| .16 
1355 Quincy granite....... 8.8 | 2.0 -23 
1357 Quincy granite....... 11.1 | .86| .08 
1365 Quincy granite....... $7.2 } 2.7 16 
1366 Quincy granite....... 8.8 | 1.9 «aa 
1368 Quincy granite....... 9.0 | 1.8 20 
Average ratio for granites............. 0.18 
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culated counting rate, Z, for a homogeneou 
distribution of radioactive atoms in the Quincy 
granite with the amounts of radium and 
thorium cited above, is 2.8 a/cm?/hr. Whereas 


the measured activity was higher than this) 


figure before acid treatment, and lower after 
acid treatment, it appears that the activity was 
not homogeneously distributed through the 
sample, but concentrated on the surfaces of the 
granules at depths less than the alpha-particle 
ranges, and subject to removal by acid. 

The coarse sample in Table 1 was finely 
ground after the aqua regia treatment, and re- 
measured to see if the activity would rise after 
fresh interior parts were exposed. It showed an 
activity of 0.8 a/cm?/hr., even less than the 
activity before grinding. 

Tests on sand grains derived from granitic 
rocks that have been rounded and cleaned by 
attrition have indicated that the amounts of 
uranium and thorium incorporated uniformly 
in the essential minerals are generally equiva- 
lent to an activity of less than 1.0 a/cm?/hr. 
Such an activity is roughly the same as that 
found to remain in granular samples that have 
been subjected to dilute acid treatment. 

Other tests, similar to those in Table 1, have 
indicated that little or no activity is removed 
from the rock samples by solutions containing 
Na:CO;, NaHCO,, or } normal acetic acid, al- 
though in the last case a slight reduction in 
activity might have been followed by further 
solution of the radioelements over a prolonged 
period. 

The effect of acid treatment on a few speci- 
mens of diabasic and granitic rocks is com- 
pared in Table 2. The ratio of “insoluble” ac- 
tivity to the original activity is higher for the 
mafic rocks than for the granites. These ratios 
are strikingly similar to the “helium reten- 
tivities” of these respective rock types as will 
be discussed below. 

To test the possiblity that the uranium or 
thorium may be in part supergene, three samples 
of granite from the deeper sections of the Adams 
Tunnel in Colorado, and oné sample from 4000- 
foot depth in the Butte mining district were 
studied (Table 3). These samples were much 
tougher than the granites listed in Table 2, 
and breakage occurred across the grains rather 
than around grain boundaries. The reduction 
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in activity by acid treatment was much less 
(50 per cent) for these deep-seated granites 
than for the surface granites (80 per cent). 
Furthermore, the percentage of pulse heights 
exceeding the criterion for uniform distribution 


helium escapes from minerals containing much 
uranium or thorium, but here the high alpha 
activity often shatters the crystal structure. 
The investigations of the leaching effect de- 
scribed above appear to throw some light on 


TABLE 3.—PULsE-HeIGHT RATiOS AND Errect oF Acip LEACH ON 
SAMPLES OF GRANITE FROM 2500-4000 FEET DEPTH 


5.6mm 5.6 mm activity 

a/cm?/hr. /cm?/hr 

Adam’s Tunnel Colo. Sta. 213 + 60............. 3.8 7.4 a4 4.0 285 
Adam’s Tunnel Colo. Sta. 353 + 08............. 12.0 7.5 6.3 6.7 .53 
Adam’s Tunnel Colo. Sta. 429 + 31............. 6.3 4.4 2.7 4.5 43 


of radioelements averaged only 6 per cent for 
the deep-seated samples, as opposed to 20 per 
cent for all the near-surface granites listed in 
Tables 1 and 2. These observations point to 
differences between samples taken from the 
zone of water saturation near the surface and 
samples taken from depths at which there was 
probably little or no water. If it is true that 
supergene alterations have affected these 
changes in igneous rocks, the cause of low he- 
lium ages in igneous rocks may be due to modi- 
fications of the radioactivity late in the rock’s 
history, rather than to losses of helium. 
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helium 
uranium + thorium 
cally a measure of the geologic age of a rock or 
mineral. This ratio for granites is found usually 
to be only about one-fifth of what it should be 
for the true age of the rock (Keevil, 1941). The 
ratio in the case of mafic rocks, particularly for 
diabase dikes, has been found closer to two- 
fifths. Most minerals separated from these rocks 
have shown similar low age ratios, but mag- 
netite appears to give approximately the cor- 
rect age in a majority of the analyses (Hurley 
and Goodman, 1943). Low helium ratios ob- 
tained for igneous rocks have been commonly 
attributed to a leakage of helium from within 
the essential minerals. It is known that the 


is theoreti- 


The ratio of 


the question of the escape of helium from sili- 
cate minerals in which the shattering effect of 
the alpha particles is negligible. 

The helium in the Quincy granite has been 
measured several times by Kevil (1938) and 
by the author. There has been good agreement, 
and it appears that the helium content of 
Quincy granite in the vicinity of the Swingle 
Quarry is fairly constant and amounts to about 
4 xX 10 cc/gm. Keevil (1938) found for the 
whole rock a radium and thorium content of 
0.99  10-" and 8.95 gm/gm respec- 
tively. Helium is given off by the uranium 
series at a different rate from that by an equal 
weight of thorium series, so an “Activity In- 
dex,” I, is used which reports the uranium and 
thorium series present in terms of (1.04 Ra X 
10-% gm/gm + .0886 Th xX 10-* gm/gm). If 
this index is used the disproportionate con- 
tributions of helium by the two series are cor- 
rected for, and at the same time the production 
of helium is given in terms of atoms per mg. of 
rock per hour (Evans and Goodman, 1944). 
This figure is not quite the same as that given 
earlier for the emission of alpha particles from 
a square centimeter of the rock surface per 
hour, and should not be confused with it. Ac- 
cording to Keevil’s measurements, therefore, 
the Quincy granite has an Activity Index of 
1.82 «/mg/hr. From the simple age equation of: 


(He X 10-5 cc./gm.) 


million years 


Age =30.7 
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the age ratio of the Quincy granite is 68 million 
years. From geological evidence the granite is 
believed to be between Devonian and Permian 
in age, or older than 200 million years. 

A sample of the granite treated with hydro- 
chloric acid for 20 hours gave an activity of 
1.0 a/cm*/hr. Regrinding resulted in no change, 
so this residual activity arises most probably 
from radioelements that are homogeneously dis- 
tributed. The value of J corresponding to this 
emission of 1.0 a/cm?/hr. is 0.62 a/mg/hr. The 
helium content of this acid-treated sample was 
found to be 4 X 10-° cc/gm indicating that 
the helium content was not appreciably affected 
by the acid treatment. The helium ratio for the 
acid-treated sample is thus equivalent to an 
age of 200 million years, much more in line with 
the geological evidence. 

This is only a preliminary analysis of the 
problem, but in this single instance it appears 
that the helium generated in the highly radio- 
active surficial materials that were presumably 
removed by the acid wholly escaped either from 
the rock in situ or the sample during prepara- 
tion, whereas the helium generated by the radio- 
elements homogeneously dispersed throughout 
the essential minerals, which were not attacked 
by the acid, was almost wholly retained from 
the time of formation of the Quincy granite. 

A simple measurement of the helium age 
ratio following acid treatment on either the 
granitic or mafic rocks in Table 2 might yield 
ages that conform with other time scales. A 
vindication of such a treatment is afforded by 
the following consideration. Diabases appear to 
retain about 40 per cent of the expected helium 
content commensurate with their age (Keevil, 
1941), but according to Table 2 the homo- 
geneously dispersed activity is almost the same 
percentage of the total activity (43 per cent). 
Similarly the “helium retentivity” of granites 
is about 20 per cent, and the residual nonsurfi- 
cial activity according to Table 2 about 18 per 
cent of the total activity. Further studies are 
necessary to establish the fact that the acid 
treatment removes just that surficial portion of 
the total activity for which the generated he- 
lium has been lost. 

It is significant that the minerals that have 
shown reasonable helium ages—magnetite, py- 
rite, galena—have all been of hydrothermal 
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origin. There is no reason to suppose that these 
minerals were ever subjected to solutions or end- 
phase liquids containing higher concentrations 
of the radioelements than the solutions from 
which the minerals grew; whereas this is a real 
possibility with the changing liquid phase of a 
crystallizing magma. The magnetite samples 
that have yielded reasonable age ratios have 
been of pyrometasomatic or of low-temperature 
hydrothermal origin; on the other hand the 
group of magnetite samples showing anoma- 
lously low age ratios have been concentrates 
from granitic rocks, and therefore possibly con- 
taminated on the surface by small amounts of 
highly radioactive material developed in the 
last phase of crystallization, or by a redistribu- 
tion of this radioactive material by supergene 
waters. A sample of magnetite obtained by 
magnetic concentration from a granite of prob- 
ably Devonian or Carboniferous age at Surry 
Mt. Dam, N. H., showed the following: 


Activity index = 1.74 
Helium = 2.84 cc./gm. 
Age = 50M. Y. 


The sample was treated with 1:1 hydrochloric 
acid for 2 hours, and bright, clean magnetite 
was left after this treatment. The activity index 
was now only 0.125, and the helium content 
1.1 x 10-> cc./gm. indicating an age of 270 
million years. This age for the granite would be 
quite reasonable in the present lead time scale. 
Both the activity and helium content were de- 
creased by the acid treatment, but magnetite is 
soluble in hydrochloric acid, and a fairly thick 
layer was probably removed from the magne- 
tite granules. This layer must have contained 
a much higher concentration of helium than the 
inner parts of the granules; a more highly radio- 
active surface layer on the magnetite grains 
would have produced a high concentration of 
helium in the adjacent subsurface layer. Re- 
moval of both layers appears to result in a he- 
lium ratio about equivalent to the correct age 
of the magnetite. The granite from which the 
magnetite was separated gave an activity index 
of 1.85 which is very close to that of the original 
magnetite. This suggests an overall, rather uni- 
form, surficial activity of both the rock and 
magnetite. 

Thus, magnetites which have been concen- 
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trated from granitic rocks do not appear to 

any lower capacity to retain helium than 
those of hydrothermal origin; in fact it would 
be strange to find any difference. The explana- 
tion appears to lie in a surficial contamination 
encountered in granitic magnetites but not in 
those of hydrothermal origin. 

The fact that magnetite of hydrothermal 
origin shows apparently correct helium ratios 
may not be due, therefore, to any unusual re- 
tentivity of the magnetite structure. Most 
minerals, if they were free from contaminating 
mineralization or alterations might yield correct 
helium age ratios. The activity and helium con- 
tent of common silicates of hydrothermal origin 
are almost always too low to determine without 
extreme precaution and lengthy measurement. 
Therefore nearly all measurements have been 
made on quartz, feldspar, pyroxene, and other 
minerals, separated from igneous rocks. How- 
ever, it now appears that what had been meas- 
ured was, to an appreciable extent, the activity 
of other minerals or aggregates present as sur- 
face coatings, for which the low-activity essen- 
tial minerals above were merely the hosts. On 
the other hand, the helium measurements were 
probably indicative of the helium content of the 
low-activity essential minerals, the helium gen- 
erated by the radioelements of relatively high 
concentration in the surface “contaminants” 
having been lost by leakage. It therefore ap- 
pears necessary to reconsider the supposedly 


unfavorable “helium retentivities” of the essen- 
tial minerals and to re-examine the apparently 
low helium ratios of the silicate minerals in the 
light of the possibilities of highly radioactive 
surface contaminants of very low helium re- 
tentivity. 
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ABSTRACT basalt, but everywhere else it is being cut a few 


feet to a few tens of feet below the bottoms of the 

Within the western part of the Grand Canyon, lowest flow remnants. This long flow was an im- 
over a distance of more than 84 miles, from Toro- _ portant event in the later geological history of the 
weap Valley almost to the Grand Wash cliffs, flow Grand Canyon and affords a striking example of 
remnants of olivine basalt occur along the Colorado the fluidity of basaltic lava, involving a descent of 
river channel. The remnants in the downstream 700 feet in 84 miles along a water grade. 
three-fourths of the stream segment individually 
pertain to single flows. The accordance of their 
upper surfaces with a gradient parallel to that of INTRODUCTION 
the present river and the failure to discover sources : 
of lava in this segment suggest that the remnants Location 


belong to the same flow. In the upstream one- ¥ . 
fourth of the stream segment several flows may be The lava flows described in this paper occur 


distinguished, the lowest of which is correlated in the western part of the Grand Canyon of the 
with the downstream remnants on the basis of Colorado River. This portion of the Grand 
near-continuity and similarity in physiographic Canyon lies in northwestern Arizona between 
position. The source of this flow is in the vicinity the Shivwits and Uinkaret plateaus on the 
of Lava Falls at the mouth of Toroweap Canyon north and the Coconino Plateau on the south 
where the farthest upstream remnants are found. (Fig. 1). Volcanic peaks are found on the 
Later flows from the- esplanade of the Uinkaret plateaus; Shivwits Plateau has Mt. Dellen- 
Plateau locally and briefly dammed the Colorado bia the Ulaicaret 
River near the mouths of Toroweap and Queanto- baugh and an extensive lava cap, the *: 
Pp 

weap valleys. After removing the dams, the Colo- Plateau has Mt. Emma, Mt. Logan, Mt. Trum- 
rado River cut downward to approximately its bull (Pl. 6), and an extensive lava cap, and the 
channel prior to the first flow. At one place below Coconino Plateau has the San Francisco Moun- 
Lava Falls the river channel is still being cut in tains and Bill Williams Mountain (Fig. 1). 
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Ficure 1.—INDEX Map 
Showing location of intracanyon lava flow in western part of the Grand Canyon 
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Previous Work 


The first description of the volcanic phenom- 
ena in the western part of the Grand Canyon 
was given by Major J. W. Powell (1875, p. 94- 
95) after his classical river voyage in 1869. 
Captain C. E. Dutton (1882, p. 94), in 1879 
and 1880, studied basalts of the Shivwits and 
Uinkaret plateaus and the lava cascades. Dr. 
R. C. Moore, geologist of the U. S. Geological 
Survey Colorado River expedition of 1923, ob- 
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served the position of many remnants of flows 
from Uinkaret Plateau into the Grand Canyon. 
His discussion (Moore, 1925, p. 125-171) is con- 
cerned primarily with geologic features of pos- 
sible dam sites, but he discusses and illustrates 
some of the lavas in the vicinity of Lava Falls. 

A remnant of olivine basalt 16} miles east of 
Pierce’s Ferry was described by Schenk (1938, 
p. 251) as 50 feet thick and having its base 90 
feet above the low-water level of the river. 
Near the base of the flow he observed pillowlike 
structure. This remnant may be the western- 
most one in the Grand Canyon; it occurs 263 
miles by river below Lee’s Ferry, Arizona. The 
writer observed this remnant in 1935 from the 
air (Pl. 3, fig. 3). When the locality was passed 
in 1937 it was inundated by Lake Mead. 

McKee and Schenk (1942, p. 245-273) made 
a detailed study of the volcanic history near the 
mouth of Toroweap Valley. They subdivided 
the lavas within the Grand Canyon into Lower 
Canyon, Middle Canyon, and Upper Canyon 
groups. The latest study by Koons (1945, p. 
151-180) establishes the volcanic sequence of 
the Uinkaret Plateau. 


OtpEeR LAVAS OF THE PLATEAUS 


Extensive basaltic lava fields occur on the 
westernmost plateaus of the Grand Canyon— 
the Shivwits, the Uinkaret, and the Kanab (PI. 
6). As described by Dutton (1882, p. 109) “The 
ancient basalts are much eroded. Not only have 
their craters been demolished, but the massive 
floods which emanated from them have been 
greatly wasted.” Koons (1945, p. 157-159) 
distinguishes flows of four stages. Stages I and 
II are extensively weathered and eroded. Stage 
III flows have been slightly weathered and 
eroded. The single stage IV flow on the Uinka- 
ret Plateau is fresh in appearance. The older 
lavas of the plateaus belong to Stages I and II. 

The older lavas of the western plateaus may 
be correlatives of the first volcanic episode of 
the San Francisco Mountains on the Coconino 
Plateau. Here Robinson (1913, p. 95) considers 
the first volcanic activity marked by wide- 
spread eruptions of basalt shortly after the de- 
velopment of a Pliocene peneplain. 


Canyon LAvAs 
General Statement 


The lavas of the inner canyon at the foot of 
Toroweap Valley have been subdivided by 
McKee and Schenk (1942, p. 251) into Lower, 
Middle, and Upper Canyon groups of succes- 
sively younger age. McKee and Schenk con- 
sider the Lower Canyon group of lavas to be 
closely related in time and to have formed a 
lava dam at the mouth of Toroweap Valley. 
The lower two units of the Lower Canyon 
group (A and B flows) are described as single, 
massive flows. The upper two units (C and D 
flows) are made up of series of thin flows. As 
these authors point out (1942, p. 263-264) the 
Lower Canyon flows are nearly horizontal at 
the mouth of Toroweap Valley, whereas the 
Middle Canyon and Upper Canyon lavas ap- 
proached the Colorado River from the north 
and poured over the front of the older lavas. 
McKee and Schenk traced the A and B flows 
for a mile along the north side of the Colorado 
River below Toroweap Valley. Both flows are 
thick and of dense olivine basalt and both have 
columnar jointing developed in their basal por- 
tions. One of them is the correlative of the basal 
flow a few miles downstream and of the rem- 
nants still farther downstream where there was 
but a single flow. This most extensive of the 
canyon lavas is termed the i. «canyon flow. 


Source of the Intracanyon Flow 


The farthest upstream occurrence of flow 
remnants whose upper surfaces are approxi- 
mately at stream grade is at Lava Falls on the 
Colorado River. This is 179 miles below Lee’s 
Ferry as shown on sheet F of the United States 
Geological Survey’s Plan of the Colorado River 
between Lee’s Ferry, Arizona and Black Canyon, 
Arizona-Nevada. Future references to location 
of features along the river course will be made 
by giving the number of miles below Lee’s 
Ferry. Only one occurrence of basalt was noted 
above 179 miles, Lava Pinnacle, or Vulcan’s 
Forge, at 178 miles. This is a basalt rock about 
30 feet high and 20 feet in diameter possessing 
a confused columnar structure. Since no prob- 
able source was observed in its vicinity, it is 
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believed to represent a remnant of the upstream 
backflow of one of the Lower Canyon group. 

At 1794 miles, Lava Falls, the mouth of an- 
cestral Toroweap Canyon, the massive, hori- 
zontal A and B flows may be cbserved north of 
the river at the base of the lava section (PI. 2, 
fig. 1). There is a break between 180 and 183 
miles, but from that point several miles down 
the river extends a single massive flow remnant 
(Pl. 3, fig. 1). With a few breaks in continuity 
this flow may be traced 10 miles farther down- 
stream to the vicinity of 193 miles where it still 
has comparable thickness and structural ap- 
pearance (Pl. 3, fig. 2). In view of the near- 
continuity and similarity in physiographic po- 
sition the intracanyon flow is regarded as one 
of the first two flows at the mouth of ancestral 
Toroweap Canyon and is believed to have origi- 
nated in this vicinity. 

The intracanyon lava flow may have been 
erupted on the esplanade and flowed down an- 
cestral Toroweap Canyon to the river. Another 
possibility is that fissures trending generally 
north-south, extending across the Colorado 
channel and up the old Toroweap Canyon, may 
have conducted the lava directly into the can- 
yon. Opening of conduits subsequent te the A 
flow is shown by a number of basalt dikes which 
cut the flow and its subjacent river gravels. 

Since basaltic lavas reached the channel from 
the north rim at various places and because 
basalt dikes have been found in the channel at 
1794 miles, the question arises as to whether the 
flow remnants downstream from 193 miles 
could have originated as separate flows. The 
fact that all the remnants are of one rock type, 
olivine basalt, does not prove derivation from 
one source since all the lavas of the region are 
of this type. Of some importance is the fact that 
below Queantoweap Valley where several flows 
are present there is no thinning of the lowest 
flow. Thus there is no evidence of termination 
of one flow and assumption of its physiographic 
position (lowest in the channel) by another, 
later flow. The upper surface may be pro- 
jected between flow remnants at the present 
gradient of the Colorado River. This physio- 
graphic evidence strongly suggests that all the 
remnants below 193 miles and the basal flow 
from 179 miles to 193 miles belong to a single 
flow, the intracanyon lava flow. 


Distribution of Remnants of the Intracanyon Flow 


The location of flow remnants and their re- 
lationship to the river profile is shown diagram- 
matically in Plate 6. The remnants are longer 
and closer together in the vicinity of the source. 
However, numerous remnants are found in the 
stretch from 64 to 78 miles below the source. 
The remnants are preserved because of the 
recency of the flow, which presumably was ex- 
truded in late Pleistocene or even early Recent 
time. The river is flowing close to the channel 
cut prior to the extrusion, as indicated by the 
extension of the basalt in place under water of 
the Colorado River at 183 miles. 

The large size and thickness (50 feet) of the 
farthest downstream remnant at 263 miles (Pl. 
3, fig. 3) suggest that the intracanyon flow ac- 
tually extended a number of miles, possibly 
tens of miles, farther downstream. 


Conditions of Extrusion 


A high degree of fluidity of the basalt at time 
of extrusion is indicated by its flow of at least 
84 miles along a stream channel. Where ob- 
served by the writer columnar structure is de- 
veloped at the base of the flow overlying river 
gravels (PI. 2, fig. 1; Pl. 3, fig. 2). This indicates 
rather slow cooling at the base and does not 
suggest that the flow encountered any large 
volume of river water. It is likely that the 
basalt was rapidly extruded and rapidly flowed 
down the channel while the river was temporar- 
ily impounded above the source. 


Lava CASCADES AND DAms 
General Statement 


The lava cascades are the most spectacular 
recent geological feature in the western Grand 
Canyon district. They are very conspicuous 
from positions on the ground and in the air be- 
cause their black lavas have flowed over the 
bare flats of the stripped esplanade and down 
the bare stepped cliffs of the canyon. In Plate 6 
the lava streams from the Uinkaret Plateau are 
not distinguished in pattern from the older 
basalt sheets of the plateaus. All the cascades 
are from the Uinkaret Plateau north of the 
Colorado River. They all originate in Stage Lil 
flows (Koons, 1945). 
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Ficure 1. INrrRacANYON Lava FLow 183- 
185 MILEs 
Continuous remnant of single flow on north 
side of river. On right 182 mile cascade. 
Lava-covered esplanade of Uinkaret Pla- 
teau in middle background. Aerial photo- 
graph by author looking northwesterly 
from altitude of 8000 feet. 


Ficure 2. InrTRACANYON Lava FLow 
AT 189 MILeEs 
Heavy basal flow with columnar jointing at 
bottom overlies stratified river gravels. 


Ficure 3. InrRACANYON FLow 
AT 263 MiLes 
Farthest downstream remnant having thick- 
ness of 50 feet suggests that flow extended 
a number of miles farther down the can- 
yon. Vertical aerial photograph by author 
from altitude of 10,000 feet. 


REMNANTS OF INTRACANYON LAVA FLOW 
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Toroweap Cascade and Dam 


A canyon was cut along the Toroweap fault 
leading from Toroweap Valley into the Grand 
Canyon prior to extrusion of the lavas. Parts of 
the walls of this ancestral Toroweap Canyon 
are clearly discernible (PI. 4, fig. 1). McKee and 
Schenk (1942, p. 263-264) describe the filling 
of this canyon by Middle Canyon lavas which 
flowed down over the front of older lavas to the 
river. Like Dutton (1882, p. 95) and Moore 
(1925, p. 156) McKee and Schenk (1942, p. 
265-266) believe that flows dammed the Colo- 
rado River at ancestral Toroweap Canyon. 
McKee and Schenk consider that a dam 550 
feet high was formed by Lower Canyon lavas 
(A,B,C, and D flows) only, because they identi- 
fied remnants of these flows on the south side 
of the Grand Canyon. They did not observe 
any remnants which they could correlate with 
the Upper and Middle Canyon lavas. The Mid- 
dle Canyon lavas possessed structural evidence 
of flow down the north wall of the Grand Can- 
yon and were presumed to have moved no far- 
ther than the river. 

A large lava remnant on the east side of 
Prospect Canyon south of the Colorado River 
and opposite ancestral Toroweap Canyon (PI. 
4, fig. 2) suggests by its form an ancestral Pros- 
pect Canyon. It was eroded along the Toro- 
weap fault presumably to a depth of about 1500 
feet like ancestral Toroweap Canyon. The lower 
part of the Prospect Canyon remnant appears 
to fill the ancestral Prospect Canyon like the 
Middle Canyon lavas fill ancestral Toroweap 
Canyon. The upper part of the remnant is hori- 
zontal like the Upper Canyon lavas on the 
north rim. If the analogy in position means cor- 
relation and is not merely coincidental a high 
lava dam was formed subsequent to the lower 
lava dam of the A,B,C, and D flows. No lacus- 
trine deposits have been reported in the Grand 
Canyon above Toroweap Valley. Perhaps the 
dam, if it existed, was so short-lived that little 
deposition occurred and such soft deposits as 
accumulated rapidly washed away. 

Another lava remnant, higher than the Lower 
Canyon flows, exists on the south side of the 
river just below Lava Falls. If this and the Pros- 
pect Canyon remnant originated on the south 


side there would be no implication of damming 
by the higher lavas. They would then be rem- 
nants of cascades in and near Prospect Canyon 
similar to those of Toroweap Canyon on the 
north side. Although there are several cinder 
cones 01 the esplanade south of the river none 
appears to be associated with extensive lava 
flows. No flows seem to be connected with the 
Prospect Canyon remnant. However, before 
south-side origin can be ruled out more detailed 
study in the vicinity will be necessary. 


180-182 Mile Cascades 


Extensive cascades from the Uinkaret espla- 
nade reached the bottom of the canyon at 180 
miles and 182 miles and probably joined the 
lavas from Toroweap Canyon (PI. 4, fig. 2; Pl. 


3, fig. 1). 


187 Mile Cascade 


This small cascade (Pl. 5, fig. 1) descended a 
narrow valley cut along a nearly vertical fault, 
subsidiary to the main Hurricane fault. The 
block to the east has been relatively elevated 
approximately 200 feet. A small amount of 
lava reached the river channel and flowed out 
over the lowest Canyon flow. 


Queantoweap Cascade and Dam 


The Queantoweap Cascade resembles the 
Toroweap Cascade. Coalescing cascades from 
the Uinkaret esplanade flowed down an an- 
cestral Queantoweap Canyon which was about 
1000 feet deep at its mouth on the Colorado 
River (PI. 5, fig. 1). The ancestral Queantoweap 
Canyon was eroded headward along the east 
branch of the Hurricane fault and cut back 
several miles into the relatively flat-floored 
Queantoweap Valley. The flows filled the nar- 
row ancestral Queantoweap Canyon, covered 
the Lower Canyon flows, filled the bottom of 
the Grand Canyon to a depth of approximately 
1000 feet, and flowed at least as far as Boulder 
Wash (193 miles). The upper surfaces of the ° 
flow remnants near Whitmore Wash (188 miles) 
slope gently downstream, and high-lying rem- 
nants occur on the east side of Boulder Wash; 
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remnants of high-lying flows were not observed 
farther down the canyon. Remnants of the 
Queantoweap flows occur on the south side of 
the Colorado River (PI. 5, fig. 2). With a height 
of 1100 feet the Queantoweap dam could have 
backed up the waters of the Colorado River 
throughout the Grand Canyon (i.¢., as far up- 
stream as the mouth of the Little Colorado 
River). However, it may have been essentially 
contemporaneous with an even higher dam at 
Toroweap. In this case the impounding would 
have extended upstream only to Lava Falls. 
Lake beds found at 1803 miles (Pl. 2, fig. 2) 
just below Lava Falls may have been deposited 
in this lake. 

The conversion of the ancestral Queantoweap 
Canyon into a high-lying surface and the sub- 
sequent erosion of Whitmore Canyon and the 
new valley west of the lava cascades which 
feeds into it afford an interesting example of 
inversion of relief. It recalls Davis’ prediction 
of inversion on the margin of the Uinkaret 
Plateau (Davis, 1903, p. 24). 


Dam Below 1944 Miles? 


The occurrence of ash beds of apparent lacus- 
trine deposition on a pillar of columnar basalt 
at 1944 miles (Pl. 2, fig. 3) demonstrates that 
the lowest or intracanyon flow antedated the 
formation of a lake whose dam was below 194} 
miles. Stream gravels on top of the lava pillar 
and under the lake beds show that the river had 
established its course on top of the lava before 
the damming downstream. No flows from the 
esplanade of the Shivwits Plateau to the river 


have been observed. The esplanade is bare of - 


lavas. Whether the “camming resulted from a 
flow originating within the canyon which es- 
caped observation during the 1937 boat expedi- 
tion or from landslides is not known. 

The lake beds at 180} miles and at 1944 miles 
are similar lithologically. Both consist of hori- 
zontal, fine-grained, olive-green tuffs. The tuffs 
at 1804 miles are about 50 feet above the river 
which is at 1650 feet elevation there. The river 
is at an elevation of 1550 feet at the 1944 miles 
location, and the tuffs are about 100 feet above 
the river. Thus the upstream lake beds occur- 
rence is approximately 50 feet higher than that 
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downstream. A dam only 100-150 feet high 
just below 194} miles could have impounded 
the water in which both sets of lake beds were 
deposited. Since the tuffs are soft and easily 
eroded and since the beds are lithologically 
similar the single-lake concept is strengthened. 
It may have existed at the time of relatively 
recent cinder-cone construction when quantities 
of pyroclastics were carried into the river. 


Résumé oF VoLcanic History 


(1) Extrusion of basalts (older lavas of the 
plateaus) on stripped Mesozoic strata of west- 
ern Grand Canyon region. (Late Pliocene?) 

(2) Uplift and canyon erosion. Movement on 
Hurricane and Toroweap faults. Development 
of narrow esplanade by recession of Coconino 
sandstone cliffs over easily eroded Hermit shale. 
Cutting of canyon to present depth and profile 
(Pleistocene?) 

(3) Eruption of Lower Canyon group of 
lavas from vents on esplanade in vicinity of old 
Toroweap Canyon or from fissures in Grand 
Canyon bottom. Damming of river. Longest or 
intracanyon flow extends 84 miles downstream 
on stream gradient losing only 700 feet in eleva- 
tion. 

(4) Eruption of basalt flows from vents on 
Emma platform of Uinkaret Plateau and the 
Uinkaret esplanade. Flows fill tributary can- 
yons and cascade down Grand Canyon walls. 
Local damming of river, followed by breaching, 
and removal of bulk of the lava from the can- 
yon. Eruption of cinder cones. (Late Pleistocene 
to Recent) 

(5) Reduction in size of flow remnants which 
remained plastered on canyon walls. Re-estab- 
lishment of pre-Canyon lava stream gradient 
throughout course covered by flow. (Recent) 
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Ficure 1. ToroweAp CASCADE AND TOROWEAP VALLEY 
Portion of side walls of ancestral Toroweap Canyon shown by dashed lines. Dotted lines 
show top of Redwall limestone. Toroweap fault on which right block has been raised 632 feet 
(McKee and Schenk) passes under lava filling. Aerial photograph by author looking north 
from altitude of 8000 feet. 


Ficure 2. Granp CANYON AT TOROWEAP VALLEY 
Toroweap cascade in center, 180 mile cascade left foreground, Prospect Canyon remnant 
middle right. Aerial photograph by author looking easterly from altitude of 8000 feet. 


VOLCANIC FEATURES NEAR MOUTH OF TOROWEAP VALLEY 
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Ficure 1. QUEANTOWEAP CASCADE AND QUEANTOWEAP VALLEY 
Side walls of ancestral Queantoweap Canyon shown by dashed lines. 187 mile cascade right 
center. Basal or intracanyon flow (Pl. 3, fig. 2) near river in lower left. Aerial photograph 
by author looking north from altitude of 8000 feet. 


Ficure 2. INrRACANYON Lava FLow (emphasized by vertical lining) anp OVERLYING 
QuUEANTOWEAP CASCADE (top shown by dashed line) 
Aerial photograph by author from altitude of 7000 feet looking northeasterly. 
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A profile across the Cordillera de los Andes be- 
tween Villavicencio, Mendoza, Argentina, and Los 
Andes, Chile, shows the following stratigraphic 
units: (1) A basement complex composed of strongly 
folded beds of graywackes and slaty shales, Palaeo- 
zoic in age, slightly metamorphosed by stocks of 
granodiorite not younger than Middle Triassic; (2) 
A complex of strongly consolidated pyroclastics, in- 
truded by large laccolithic bodies of quartz-por- 
phyry and dikes and sills of andesites, diabase, etc. 
Age: Late (?) Triassic; (3) A marine series, ranging 
from Upper Liassic to Lower Cretaceous, formed 
by limestones, sandstones, anhydrite (gypsum), 
tuffites, shales, and conglomerates; sills and dikes 
of dacite, and andesite porphyries and diabase are 
common; (4) A thick complex of pyroclastic rocks 
of andesitic composition, largely breccias, traversed 
by dikes and sills of andesitic or dioritic rocks; 
partly intercalated in the upper part of the ma- 
rine series. Age: Neocomian to Late Cretaceous. 
(5) Conglomerates and sandstones of Tertiary 
age. The units 2, 3, and 4 are roughly conform- 
able with each other, and rest unconformably on 
1. Unit 5 is unconformable with respect to all. 
The structure is characterized by a large flexure, 
the monoclinal part of it being parallel to and 
broadly coincident with the International boundary. 
A thrust fault transects the monocline near the base, 
whereby the Mesozoic beds rest partly on Tertiary 
conglomerates; another thrust fault marks the limit 
of the Cordillera to the east. The sequence of events 
is as follows: (1) deposition of the sedimentary- 
pyroclastic Mesozoic complex over an irregular 


17 


peneplain of Palaeozoic rocks; (2) flexuring in the 
Early (?) Tertiary; (3) erosion and deposition of 
conglomerates and sandstones; (4) thrusting (Late 
Tertiary); (5) uplifting and erosion. The loftiest 
peak of the Cordillera, the Aconcagua (ca. 23,300 
ft.), located about 20 kilometers north of our pro- 
file along the boundary, is made up of breccias be- 
longing to unit 4 (Porphyritic formation) and 
structurally forms part of the huge cuesta that car- 
ries the frontier line. 


INTRODUCTION 


Early in 1946 the writer was commissioned 
by the Direccién de Minas y Geologia of the 
Argentine government to study the geologic 
profile of the Cordillera de los Andes between 
Puente del Inca, Province of Mendoza, and the 
Chile-Argentine boundary, at about parallel 
33° L.S. This work was intended to provide a 
basis for the project of a new tunnel, about 23 
kilometers long, for the Transandean Railroad, 
between Puente del Inca and Juncal, Chile 
(Fig. 1). 

About 25 days were devoted to the study of 
the stratigraphic section and the structure; the 
same year the observations were extended east 
of Puente del Inca to Uspallata and Villavi- 
cencio, aiming to obtain an overall picture of 
the structure of this part of the Cordillera. 

The Chilean part of the profile here presented 
was taken from data kindly furnished by H. 
Flores Williams, of Chile, for between the Inter- 


DETROIT PUBLIC LIBRARY 


Page Page 
Middle Jurassic to Lower Cretaceous marine 
— 


= 
BY} JO UOT} LOO] SuLMOYS 
avW qano1g 
wy os Ow of oz olwy 
9 epaseniog (> se] is 
ej 
per a 
8 SHaNV SOT aNV 
& FHL JO dvw 


by, 

3 


INTRODUCTION 19 


national boundary and Juncal, and from per- 
sonal observations for between the latter point 
and Los Andes. 

Charles Darwin (1846, PRV) shows essen- 
tially the same section in his “Geological obser- 
vations.” W. Schiller (1912) gave an account 
of the region between the Aconcagua and Rio 
Las Cuevas. Nothing but scattered references 
have been published since. 

The profile as presented in this paper in- 
cludes, for completeness, the structural unit 
east of the Uspallata valley, which is known by 
the Argentine geologists as the Precordillera. 

The present study was undertaken largely on 
the initiative of L. R. Lambert, head of the 
geologic branch of the former Direccién de 
Minas y Geologfia now Direccién General de 
Industria Minera. He visited the writer in the 
field and contributed many ideas. J. J. Rossi 
helped in the measurement of a part of the 
section. 


PALEOZOIC 


The oldest member of the stratigraphic se- 
quence shown by the profile is formed by beds 
of graywackes and silty shales in the Precordil- 
lera (Villavicencio) and hornfelsic graywackes 
and shales in the Cordillera (Zanj6n Amarillo). 
The beds present very steep dips, and also 
small-scale folding, specially in the eastern 
area (Harrington, 1941). The thickness of the 
sedimentary section appears to be considerable 
and thus consistent with deposits of geosyncli- 
nal type. 

The rocks of the Villavicencio area have been 
considered Devonian by Stappenbeck (1910) 
on very indirect evidence; very likely they be- 
long to a geosynclinal series ranging from upper 
Cambrian through Devonian, and unconform- 
ably overlain by shallow marine-glacial Carbo- 
niferous sediments found elsewhere in the Pre- 
cordillera. The graywackes and shales that 
form the core of the so-called Cordillera Frontal 
(Pl. 1) belong probably to the same series. 

Icngous Rocks: Between Zanj6én Amarillo 
and Quebrada de los Penitentes, the Paleozoic 
sediments appear intruded by a stock of me- 
dium-grained, gray biotite diorite to granodio- 


rite, grading locally into pink granite. This 
body is responsible for the pronounced horn- 
felsic character of graywackes and shales in 
this area; it does not cut the overlying Triassic 
beds, but is separated by an erosion surface. 


TRIASSIC 


Overlying the Paleozoic with strong angular 
unconformity there is a thick complex of pyro- 
clastic and hypabyssal rocks, generally as- 
sumed to be Triassic. In the Precordillera 
(Paramillo de Uspallata), this formation con- 
sists of consolidated, light-colored tuffs, mod- 
erately well stratified, with numerous diabase 
sills. Thin-bedded horizons of subaqueous dep- 
position are also present, sometimes containing 
fossil relics of plants and fish scales. Standing 
trees, first described by Darwin, are found in 
these beds. 

The basal portion of the Triassic in the east- 
ern slope of the Precordillera is formed by a 
complex of volcanic breccias, tuffs, and thick 
dikes of andesitic rocks, which pinches out very 
rapidly (Harrington and De Benedetti in Har- 
rington, 1941). 

The Triassic rocks, a main constituent of the 
Cordillera Frontal, west of Uspallata valley, 
are poorly bedded, indurated tuffs and breccias 
of different colors. The pyroclastics are in- 
truded by various types of hypabyssal rocks, 
the main one being a pink quartz-porphyry 
that forms a large laccolithic body between 
Picheuta and Polvareda. Similar although 
smaller bodies are common elsewhere in this 
region. The laccolith includes in its mass iso- 
lated pyroclastic beds, showing its composite 
origin. 

Other intrusives are albitized diabase sills 
and irregular bodies of andesites. 

Probably much of the fine-grained pyroclas- 
tics shown in this part of the section are welded 
tuffs, as at the lower part of the Quebrada de 
los Penitentes. 

The age of the pyroclastics and its intrusives 
west of Uspallata is taken as Triassic by litho- 
logic analogy with the tuffaceous rocks of Para- 
millo de Uspallata and near-by region, where 
fossil plants of that period have been found. 
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Jurassic to LOWER CRETACEOUS 
Marine BeEps 


Between Quebrada de los Penitentes and the 
International boundary the main constituents 
of the Cordillera are sandstones, limestones, 
limy shales or siltstones, anhydrite (gypsum), 
etc., locally fossiliferous, intruded by sills and 
dikes of dacite and andesite porphyry and dia- 
base. The marine beds are separated from the 
Triassic pyroclastics by at least a disconform- 
ity and perhaps a slight unconformity. The 
total thickness of this complex is nearly 5,000 
meters, about 10 per cent of it corresponding 
to sills of various kinds. 

The stratigraphic sequence, from top to bot- 


tom, is as follows: 
meters 
Limestone, yellowish gray, well bedded, hard; 
alternating thin beds of gypsum........... 400 
Sandy tu, greenish gray, well bedded, partly 
Limestone, hard, yellow, well bedded; locally 
very rich in bivalve (Ostreidae) shells..... . 50 


Conglomeratic sandstone, andesitic pebbles, 
grading into sandstones, greenish gray, tuf- 

Melaphyre sill, with conspicuous labradorite 
phenocrysts in dark groundmass; some cop- 

Volcanic breccia, andesitic, hard, greenish; 
grading downward into sandy tuff, well 

Limestone, yellowish, dark gray on fresh frac- 
ture; dark (bituminous) in the lower part. 
Scanty rests of molluscs, badly preserved. 

Sill of hornblende-andesite porphyry, 5 


Gypsum, alternating with thin limestone beds, 
gray, soft, sandy, and with calcareous sand- 
stone, brownish, thin-bedded............. 80 

Limestone, hard, dark brown, well bedded.... 10 

Gypsum, thin-bedded, alternating with lime- 
stone, dark gray, which predominates at the 


Limestone, hard, dark greenish gray, thick- 

Sill of melaphyre (labradorite porphyry)... .. 20 
Limestone, dark brown, rather soft, thin- 

Sill of melaphyre, same as above............ 25 


Sandstone, dark brown, tuffaceous; fine- to 
medium-gtained, well bedded, variegated; 
wispy fragments of dark-brown shale at 


meters 
Two sills of altered diabase, fine-grained, sepa- 
rated by a thin bed of sandstone.......... 60 
Sandstone, tuffaceous, dark brown to brownish 
gray, fine-grained, hard; wispy fragments of 


dark-brown shale at certain levels......... 170 
Limestone, gray, brecciated; druses parallel to 


Anhydrite, bluish gray, banded, plastically mi- 
crofolded; largely transformed into gypsum 120 

Limestone, dark brown, well bedded; partly 
conglomeratic; alternating thin beds of gyp- 


Limestone, superficially yellowish gray, inter- 
nally creamy or dark gray; hard, well bedded. 
Lower part light greenish gray, with inter- 
calated beds of coarse to conglomeratic cal- 

Sandstone, dark brown, fine-grained; good 
stratification, partly cross-bedded......... 300 

Gypsum, whitish gray; numerous remnants of 

Sandstone, dark brown to yellowish brown, 
fine-grained, hard, laminated; very fine- 
grained, calcareous, fragmentose, toward the 
base. Alternating thin beds of yellowish lime- 
stone in the middle of the unit............ 100 

Limy siitstone, shaly, dark brown, interbedded 
with limestone, yellowish, hard, laminated.. 100 

Dacite sill, light gray, fresh; thickness variable, 

Limy siltstone to fine-grained sandstone, dark 
brown, hard, irregularly bedded, laminated; 


some alternating thin gypsum beds........ 160 
Sandstone, dark brown, medium-grained, mas- 


Sandstone, light gray, massive, grading down- 
ward into conglomeratic ss., yellowish gray, 
partly brownish, hard, well stratified, and 
conglomerate, with quartz, quartz-porphyry 
and andesite pebbles. Diabase sill intercal- 


Sill of andesite porphyry, light gray, fresh, very 
conspicuous; thickness variable............ 70 


Sandstone, medium-grained, dark brown, hard, 
laminated, often cross-bedded; locally con- 
glomeratic; conglomerate, dark brown, sub- 
angular pebbles, aver. 5 cm., up to 20 cm., 
mostly porphyrites; light yellowish bands 
due to decoloration of the matrix. Lower 
part dark brown, conglomeratic ss. like top 180 

Sills of diabase above and andesite below, 
inclosing limestone, creamy gray to light 
brown, with abundant relics of bivalves.... 50 

Limestone, yellowish gray, well bedded; grades 
into conglomeratic limestone, dark brown.. 100 
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meters 
Conglomerate, dark to light gray, andesitic 


Limestone, yellowish gray, partly brecciated, 
poorly bedded, with moulds of Gryphaea... 170 
Low-angle thrust plane 
Conglomerate, dark, andesite and limestone 


pebbles (Tertiary)....... 0 to several hundred 
Unconformity 

Limestone, light gray, hard, well bedded... 15 
Disconformity 


Tuff and brecciose tuff, hard, greenish to 
whitish gray, largely ignimbritic (Triassic) 


The gypsum beds change in thickness very 
rapidly and taper out within relatively short 
distance. The thin beds alternating with the 
limestone of the uppermost part of the section, 
for instance, merge laterally to the south into 
a thick gypsum unit. Some of this irregularity 
in thickness may be original, but it is believed 
that most of it is due to boudinage. 

In the uppermost limestone beds H. Flores 
Williams (1946) found relics of a mollusc, iden- 
tified by J. Tavera, of Chile, as Pecten (Chlamys) 
robinaldinus D’Orbigny, which indicates Lower 
Cretaceous. Gryphaea calceola Quenst., common 
in the basal limestones, points to a Middle Ju- 
rassic age (Schiller, 1912). 


PORPHYRITIC FORMATION 


This formation makes up the rest of the sec- 
tion west of the International boundary. It 
consists of strongly consolidated volcanic brec- 
cias, tuffs, and conglomerates intruded by a 
variety of dikes, sills, and stocks. The bulk of 
the complex is formed by poorly bedded, com- 
pact volcanic breccias, gray to greenish or pur- 
plish. By decrease in the number and size of 
the coarse elements they grade into crystal 
tuffs with somewhat better stratification. 

The predominating magmatic type is ande- 
sitic (porphyritic); small phenocrysts of plagio- 
clase, largely altered, are characteristic of the 
fragments of eruptive rocks. 

Relatively well stratified conglomerates of 
porphyritic pebbles are found at a stratigraphic 
level not far from the base; they can be seen 
along the road between Portillo and the Chilean 
entrance to the International tunnel. 

The pyroclastic rocks are abundantly pene- 
trated by mesosilicic intrusives of various 


types'. A common variety is an andesite por- 
phyry containing big hornblende phenocrysts; 
it is specially abundant near and at the base of 
the formation as dikes and irregular bodies 
which give an uneven appeararfce to the con- 
tact. 

Dikes of a light-colored andesite porphyry 
are common throughout the complex. Some of 
them are spectacularly shown on the cirque 
walls of Cerro Tolosa and near-by peaks; they 
are also known from the highest part of Cerro 
Aconcagua, and numerous blocks of the same 
andesite porphyry are seen in the moraine of 
Rio Horcones, near Puente del Inca. 

In the western part of the profile, bodies of a 
coarser, more even-grained rock are found, like 
the pyroxene diorite or microdiorite at Salto del 
Soldado, between Juncal and Los Andes. 

The thick unit of volcanic breccia inter- 
bedded in the upper part of the marine sequence 
is essentially the same lithologically as the 
Porphyritic formation. To the north, between 
Cerro Tolosa and Cerro Aconcagua, the coarse 
pyroclastics are gradually replaced along the 
strike by dark-brown sandy tuff and tuffaceous 
sandstone. 

No evidence of the age of the Porphyritic 
formation is available other than it closely fol- 
lowed, and partially accompanied, the deposi- 
tion of the Neocomian beds. 


TERTIARY 


In the Uspallata valley are preserved a series 
of sandstone beds, often conglomeratic, cross- 
bedded, gray. This formation, commonly re- 
ferred to as Estratos Calchaqufes, is usually 
considered as middle or late Tertiary, although 
no direct evidence in this respect is available. 

Another area of Tertiary sediments is located 
between Cerro Penitentes and Cerro Santa 
Maria. The upper part of these two peaks is 
formed by remnants of horizontal beds of con- 
glomerate, lying unconformably on Mesozoic 
rocks. The conglomerates, which at Cerro Santa 
Maria display a great thickness, are typical 


1 At least some of the igneous rocks intruding the 
Mesozoic formations are very young (late Ter- 
tiary?). The dacitic rock found as a sill in the marine 
sequence can be seen cutting the Tertiary conglom- 
erates in the valley of Santa Marfa, between Cerro 
Santa Marfa and Puente del Inca. : 
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fanglomerates consisting of boulder and pebbles 
of andesites and limestone. 


STRUCTURE 

Combining lithologic characteristics and 
structure, the profile can be divided in four 
sections: (1) From Villavicencio to Uspallata; 
(2) from Uspallata to Quebrada de los Peniten- 
tes; (3) from Quebrada de los Penitentes to the 
International boundary; (4) from the latter to 
Los Andes, Chile. 

Section 1 is usually referred to geographically 
and geologically as Precordillera; sections 2, 3, 
and 4 have been called Cordillera Frontal and 
Cordillera Principal, respectively, by Groeber 
(1918). 

Section 1: An important fault borders the 
Precordillera to the east, causing the huge 
block of Paleozoic basement to rise with tilting 
to the west. Smaller blocks are found near Us- 
pallata, and still others are probably hidden 
under the anticlines in the Triassic beds. The 
latter form on the whole a monocline that 
reveals the tilting of the main block. North and 
south of here the secondary faulting becomes 
more important and the Precordillera appears 
broken down in several subsidiary units, very 
conspicuous topographically. 

The regional tilting of the basement is also re- 
flected in the position of the Tertiary beds of the 
Uspallata valley, which dip about 25° to the 
west. 

Section 2: Between the Precordillera and 
the Cordillera Frontal, a wide longitudinal de- 
pression, known here as Uspallata valley, ex- 
tends from about parallel 28° to just south of 
Uspallata. The Cordillera Frontal forms the 
western side of this depression, separated from 
it by a large fault or system of faults. At Uspal- 
lata the main faulting has the character of over- 
thrusting; the Tertiary beds are overridden by 
Triassic pyroclastics along a plane dipping 
about 45° to the west. Against the thrust plane, 
the former appear bent and overturned by 
dragging. This fault dies out near Uspallata, 
and reappears again nearly 35 kilometers south 
of our profile line, running along the base of 
Cerro del Plata. 

Between the overthrust plane and Quebrada 
de los Penitentes the structure can be described 
as a very broad arch of Triassic pyroclastics 


changing into a flat syncline to the east. The 
core of the arch is occupied by the steep beds 
and the intrusives of the Paleozoic basement. 
Several high-angle faults somewhat complicate 
the structure; only the most important ones 
have been represented in the profile. 

Section 3: The strata of the Mesozoic ma- 
rine formation form a monoclinal structure, 
dipping an average of some 30 degrees to the 
WSW. The structure looks comparatively sim- 
ple here, but as we go either north or south 
some complications arise, due specially to the 
disturbing influence of the gypsum beds. Tec- 
tonic repetition at the stratigraphic level of the 
main gypsum units is seen, for instance, on the 
north side of the valley of Rfo Las Cuevas, just 
west of Rio Horcones. A few miles south of our 
profile line several flexures modify the monocli- 
nal structure to a certain extent. 

A main structural feature in this part of the 
profile is a thrust plane that crosses Rfo Las 
Cuevas at Puente del Inca, near the base of 
the sedimentary marine formation. This thrust 
was first mentioned by Schiller (1912). At Cerro 
Penitentes it is clearly seen how the Callovian 
limestones overlie the Tertiary conglomerates. 
The thrust plane cuts the beds at an acute 
angle along the strike, so that where it separates 
the conglomerates of Cerro Santa Marfa from 
the marine beds of Cerro Almacenes, less than 
15 kilometers north of Cerro Penitentes, the 
plane is about 2,000 meters stratigraphically 
higher. 

Section 4: The Porphyritic formation par- 
ticipates also in the monoclinal structure, up to 
about Rio Juncal; there the thick beds of vol- 
canic breccia level off and maintain a roughly 
horizontal position to the end of the profile. 
This part of the section has been only very cur- 
sorily examined by the writer; it seems safe to 
assert, however, that no major faulting has 
taken place here. 


CONCLUSIONS 


The geologic composition of the Cordillera 
do los Andes along the present profile can be 
summarized as a pile of marine beds intercal- 
ated between two thick pyroclastic complexes, 
all Mesozoic, the whole resting unconformably 
on a Paleozoic basement of semi-metamorphic 
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pelites and graywackes and mesosilicic intru- 
sives and being overlain unconformably by 
scattered remnants of Tertiary continental de- 
posits. 

Structurally it is characterized by a large- 
scale flexure, the monoclinal part of it being 
represented by section 3 and adjacent part of 
section 4. The uplifted part of the flexure, east 
of the monocline, shows a broad arch in the 
sedimentary pile, mostly eroded; this arching 
permits the exposure of the Paleozoic basement. 
Two thrust faults complete the tectonic pic- 
ture; one, more like a reverse fault, is responsi- 
ble for the uplifting of the Cordillera Frontal; 
the other, a low-angle overthrust, cuts the 
monocline of marine beds. 

The geologic history of this part of the Cor- 
dillera,can be sketched as follows (Fig. 2): 

1. Folding, intrusion, uplift, and erosion of a 
middle-lower Paleozoic geosynclinal sedimen- 
tary pile, probably during late Devonian time. 
Formation of an irregular peneplain. 

2. Eruption of large quantities of pyroclastic 
material, acidic in composition, followed by in- 
trusion of hypabyssal bodies of various types 
and compositions, predominantly laccoliths of 
rhyolite porphyry. Triassic. 

3. After a short period of erosion, the area 
begins to subside; the sea invades from the 
west. Limestones, sandstones, siltstones, cal- 
careous shales, conglomerates, anhydrite, etc., 
about 4,500 meters thick, are deposited. Near 
the end of this stage there is an eruption of 
coarse pyroclastics, the forerunner of much 
more extensive and lasting volcanic processes 
to come. 

During this period the sedimentation takes 
place in a shallow sea, the coast line being not 
very far east from Cerro Penitentes. The most 
spectacular proof of the shallowness of this 
marginal sea are the gypsum (anhydrite) beds 
distributed throughout the section. Eruptions 
of fine-grained pyroclastic material often ac- 
companied the marine sedimentation. 

4, The eruption of pyroclastics of andesitic 
composition extends over a wide area in the 
early Cretaceous, filling up the sedimentary 
basin and accumulating several thousand me- 
ters of breccias, tuffs, and conglomerates. In- 
trusion of some of the sills, dikes and irregular 
bodies of basic and mesosilicic rocks might con- 


ceivably have taken place then; the majority, 
however, were probably intruded later (late 
Tertiary?). 


Jurassic ~Neocomian, 
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FicurE 2.—GENERALIZED SECTIONS SHOWING 
THE MAIN STAGES IN THE GEOLOGIC 
HisTory OF THE STUDIED AREA 


The structure in the Paleozoic basement is not 
shown. Not at scale. 


5. A strong tectonic movement, compressive 
in character, originates a huge flexure in the 
Mesozoic sedimentary pile, probably by thrust- 
ing the basement along a reverse fault. Date of 
this movement is uncertain, probably late Cre- 
taceous or early Tertiary. 

6. Erosion sets in immediately upon the 
whole region, but specially the upper (eastern) 
part of the flexure. Once the Porphyritic for- 
mation was removed, the erosion has no diffi- 
culties in stripping the eastern slope off the 
marine sediments. 

The continental divide is thus established 
not far from its present position; piedmont 
sediments (conglomerates and sandstones) are 
deposited on both sides, the eastern ones being 
probably the thicker, and the only ones to be 
preserved. Apparently a longitudinal depres- 
sion is formed along the belt of marine sedi- 
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ments, probably drained eastward by antece- 
dent streams superimposed on what is now the 
Cordillera Frontal; in fact, the base of the Ter- 
tiary conglomerates of Cerro Santa Maria is 
well below the average altitude of the Cordil- 
lera Frontal. 

7. A renewal of the compressive movements 
in the late Tertiary results in thrusting along a 
plane within the pile of marine sediments, the 
weakest point in the flexure. High-angle thrust- 
ing occurs also much farther east, whereby the 
scarp of the Cordillera Frontal and longitudinal 
valley of Uspallata come into being. This tec- 
tonic movement is also responsible for the up- 
lift of the Precordillera. It is possibly at this 
stage that many of the hypabyssal rocks are 
intruded in the Mesozoic formations. 

8. Regional isostatic uplift and erosion. 

This sequence of events refers specifically to 
the Cordillera at about parallel 33°L.S., but 
the writer thinks that it can also be applied, in 
general, to the Andes of San Juan and Mendoza 
provinces. To the south the axis of the flexure 
enters well into Argentine territory, and it is 
still recognizable in southern Mendoza. 

Although the Chilean-Argentine cordillera 
has often been referred to as the site of a Meso- 
zoic geosyncline, it seems evident that, as far as 
the present profile is concerned, the sedimen- 
tary basin here located had the characteristics 
of a marginal sea rather than those of a geosyn- 
cline. Its 4,500 meters of neritic sediments can 
hardly be compared, in composition as well as 
in thickness, with the great piles of pelitic and 
semipelitic beds typical of the classical geosyn- 
clinal areas. As the marine deposits seem to 
thicken to the west (Chile), it might be that a 
real geosynclinal basin was located in that di- 
rection, although no evidence of it is known to 
the writer. 

In contrast with this marginal character of 
the Cordilleran sea, we find in the Patagonian 
Andes, particularly south of parallel 42°L.S., 
Mesozoic sediments that indicate a rapidly 
sinking basin and a typical geosynclinal evolu- 
tion (Petersen and Gonzalez Bonorino, 1947). 

COMPOSITION AND ORIGIN OF CERRO ACON- 
cacua: The geologic nature of the Aconcagua, 
the highest peak (7,015 meters) in the Western 
Hemisphere, has of old attracted interest among 
the geologists of this part of America. It was at 
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responsible for Cerro Tolosa. 


first regarded as a very much dissected volcano, 
of which no trace of the crater had been pre- 
served. Its pre-eminence over the near-by peaks 
and its being made up largely of volcanic rocks 
were the foundations of this idea. Schiller 
(1907; 1912) opposed that interpretation with 
strong evidence, considering the volcanic rocks 
older and giving credit to the thrusting (specifi- 
cally to the thrust fault of Cerro Penitentes) 
for the present height of the Aconcagua. Re- 
cently Fossa-Mancini (1947) has tried, on the 
basis of a critical review of the literature, to ze- 
vive the former idea, assigning a Tertiary age 
to the hypothetical volcano. 

The studies made in connection with the 
profile here presented, plus a reconnaissance 
trip along Rio Horcones up to the base of the 
Aconcagua (Plaza de Mulas), have enabled the 
present writer to confirm Schiller’s objections 
and obtain a reasonably generalized picture of 
the formation of the lofty peak. 

The Aconcagua is situated in the northward 
continuation of the huge cuesta that carries the 
Chile-Argentine boundary line (Fig. 1; Pl. 1). 
Following the valley of Rio Horcones upstream, 
one can recognize the sequence of Mesozoic 
marine beds up to the Porphyritic formation, 
which forms the upper part of the peak as well 
as many of the neighbouring summits (Cerro 
Cuerno, etc.). The unit of volcanic breccias 
intercalated in the upper half of the marine 
sequence shown in Figure 3 forms, with a some- 
what different lithologic character (see above), 
a prominence on the southeastern slope seen 
from the distance as a dark step below the 
steep cirque wall. This unit, incidentally, is also 


The strongly consolidated volcanic breccias 
brought down by glaciers from the upper levels 
of the Aconcagua are identical to those forming 
the base and also to the ones shown in our pro- 
file as Porphyritic formation. It can be asserted 
that no pyroclastic rocks are found in the 
whole area that can not be easily correlated, 
structurally and lithologically, with those of 
the Porphyritic formation. 

The reason for the extreme altitude of the 
Aconcagua is not easy to establish without a 
more detailed study; it likely lies in a number 
of circumstances rather than in a single cause. 
It must be remembered that summits of around 
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6,000 meters are common along the Andes at 
this latitude. The effect of the thrust fault in 
that connection is not known, but if we consider 
its behavior between Cerro Penitentes and 
Cerro Almacenes it seems almost certain that 
it will pass at the base of the eastern slope of 
the Aconcagua. Consequently, its participation 
in bringing up this part of the Porphyritic for- 
mation higher than the rest might have been 
effective. 
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ABSTRACT 


The author’s earlier conclusions on Cretaceous- 
Tertiary correlations on the Canadian great plains 
are reviewed in the light of recent studies by various 
workers. The stratigraphical sequence in the five 
main sections of Cretaceous-Tertiary formations is 
summarized. Revised correlations are given between 
the sections in southwestern Saskatchewan and 
southeastern Alberta, southeastern and southwest- 
ern Alberta, southeastern Alberta and the central 
Alberta plains, southwestern Alberta and the central 
Alberta plains, the central Alberta plains and the 
central Alberta foothills. Most of the previous con- 
clusions have been supported or confirmed by later 
work, but others are still subject to revision. The 
most important change required in the writer’s 
earlier interpretation is the extension of the time 
range of the Edmonton formation to include a por- 
tion equivalent to part of the Lance stage. 


INTRODUCTION 


Scope of paper 


Seventeen years ago the writer published his 
doctorate thesis on the Cretaceous-Tertiary 
transition in Alberta (Russell, 1932a). This 
work consisted of short descriptions of the 
uppermost Cretaceous and basal Tertiary for- 
mations of Alberta, and an attempted correla- 
tion of them with each other and with the time 
stages that were becoming recognized as stand- 
ard in the western United States. Many of the 
conclusions were tentative and have been 
rightly subjected to critical scrutiny by subse- 
quent writers, including this writer. New dis- 
coveries have been made in this field and the 
older stratigraphical concepts have been re- 
vised. As the immediate future will probably 
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see increased activity in this and related phases 
of Great Plains stratigraphy, it seems an ap- 
propriate time to review the writer’s earlier 
conclusions, and to make such revision as may 
be required to bring them into line with the 
newer discoveries. 


Recent work 


The pioneer work of Sanderson along Red 
Deer River, completed when the writer’s investi- 
gation had only just begun, has at last been 
published (Allan and Sanderson, 1945). San- 
derson’s results, fortunately, were available to 
the writer during the preparation of his original 
paper, and necessitate no major changes in his 
conclusions. However, the publication of San- 
derson’s observations gives the full documenta- 
tion for the physical evidence on the Cretaceous- 
Tertiary unconformity in central Alberta, as 
well as providing a standard section for the 
important Edmonton formation. 

The most important work to follow the 
writer’s original paper was the Memoir on the 
geology of southern Saskatchewan (Fraser e¢ al., 
1935), which, although bearing the names of 
five authors, was primarily the work of F. H. 
McLearn and P. S. Warren. Here the Saskatch- 
ewan development of the Cretaceous-Tertiary 
transition was fully described, and the peculiar 
position of the main unconformity was demon- 
strated. 

The next major discussion of the subject 
appeared in the Memoir on the geology of the 
southern Alberta plains (Russell and Landes, 


1940). Correlation between the sections of. 


southern Saskatchewan and that of southeast- 
ern Alberta was postulated, and a very late 
marine Cretaceous fauna was described. The 
gap between McLearn’s area on the east and 
that of Russell and Landes on the west was 
closed by Furnival (1946) in his study of the 
Cypress Lake map area. More detailed east- 
west correlations were thus made possible. 
Minor contributions in the area were the dis- 
covery of a late Eocene mammalian fauna 
(Russell and Wickenden, 1933) and the finding 
of a determinable marine fauna in the type 
Eastend formation (Russell, 1943). During the 
field season of 1948, the writer studied the Late 
Cretaceous and Early Tertiary strata in the 
Cypress Hills area of Saskatchewan, and some 


of the data obtained during this work have 
been used in the final revision of this paper. 
For permission to do this the writer is indebted 
to the Department of Natural Resources and 
Industrial Development, Province of Sas- 
katchewan. 

Farther west the detailed structural studies 
of G. S. Hume in the southern foothills and of 
B. R. McKay and A. H. Lang farther north 
revived consideration of the Cretaceous-Terti- 
ary problems along the disturbed belt. No 
definite conclusions had been reached, however, 
until the fossil plants were studied by W. A. 
Bell. His investigation established the much 
lower position of the Cretaceous-Tertiary 
boundary than had previously been recognized 
(Lang, 1947). 

Numerous excellent contributions to the 
stratigraphy of the Cretaceous-Tertiary transi- 
tion have been made recently by workers in 
the western United States. The paleobotanical 
works of Dorf (1938, 1940, 1942a, 1942b) and 
Brown (1939, 1943) have cleared away many of 
the supposed discrepancies in the evidence of 
the fossil plants. Relationships between the 
vertebrate faunas and the stratigraphy have 
been established by Simpson (1937) in south- 
western Montana, Jepsen (1930, 1940) in north- 
western Wyoming, Gazin (1941a) in central 
Colorado, and Gazin (1941b) and Gilmore 
(1946) in central Utah. Particularly note- 
worthy is the general discussion of the Cretace- 
ous-Tertiary problem in Spieker’s (1946) paper 
on central Utah. 


SUMMARY OF STRATIGRAPHY 
Distribution of sections 


Many of the difficulties of correlation in the 
plains of Saskatchewan and Alberta (Fig. 1) 
arise from lateral discontinuity of sections. This 
results from a combination of structural and 
topographical conditions. In the western part of 
Alberta, adjacent to the Rocky Mountain front, 
there is a broad, asymmetrical trough known 
as the Alberta syncline. Its axis is occupied by 
the Tertiary formations; to the west the Creta- 
ceous strata appear at the surface with strong 
dips to the east; on the east side the westward 
dips of the underlying formations are almost 
imperceptible. In southwestern Alberta the 
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syncline is so narrow that there are no essential structure, known as the Sweetgrass arch, has 


j 


recognize only one sequence here, the South- 


western Alberta Section. Farther north, where 
the Alberta syncline widens and becomes almost 
a monocline, marked differences occur in the 
Cretaceous-Tertiary transition as exposed on 
the east and on the west side. We distinguish 
here between a Central Alberta Plains Section 
and a Central Alberta Foothills Section. The 
eastern limb of the Alberta syncline passes into 
a broad arch, trending somewhat east of north 
across southern Alberta and losing its distinct 
nature in the east-central Alberta region. This 


Ficure 1.—INDEX MAP, SASKATCHEWAN AND ALBERTA 
Showing location of sections: 1, Southwestern Saskatchewan Section; 2, Southeastern Alberta Section; 
3, Southwestern Alberta Section; 4, CentraljAlberta Plains Section; 5, Central Alberta Foothills Section. 


changes in the younger formations from east to brought the older portions of the Montana 
west. For present purposes, therefore, we need group to levels where atmospheric erosion has 
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exposed them. Thus the latest Cretaceous, and 
the Tertiary formations, have been removed 
from the axial portion of this arch, but have 
been preserved on the eastern flank, in the 
southeastern corner of Alberta. Here too the 
peculiarities of the drainage, and also perhaps 
the nature of the sediments, have preserved the 
high erosion remnants of the Cypress hills, 
affording us a more extensive view of the Cre- 
taceous-Tertiary transition than would have 
been provided by the structural conditions 
alone. The sequence of this area may be desig- 
nated the Southeastern Alberta Section. 
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The Cypress hills extend eastward into Sas- 
katchewan and provide many additional 
glimpses of the strata under discussion. Certain 
lateral changes can be observed, and in most 
cases the relationship is clear. Lack of complete 
exposure, however, leaves a few unsolved prob- 
lems, and for this reason it is convenient to 
distinguish a Southwestern Saskatchewan Sec- 
tion. The characteristic features of this section 
persist eastward into south-central Saskatche- 
wan, but are not recognizable in the southeast- 
ern corner of the province (Estevan coal field), 
or in the Turtle Mountain area of Manitoba. 


Southwestern Saskatchewan Section 


Furnival (1946) showed that the Bearpaw 
formation of this area, typically dark-gray 
marine shale, includes in its upper portion 
several distinct sandstone members. These 
members usually consist of fine-grained, clayey 
sandstone or siltstone, only moderately in- 
durated, usually with an abrupt upper bound- 
ary, but passing downward into the shale by a 
transitional zone. Thicknesses range from 30 to 
50 feet near the Alberta boundary but decrease 
to zero about 40 miles east, where the sandy 
beds are replaced entirely by shale. Furnival 
recognized three such members, which he 
named, from oldest to youngest, the Oxarart, 
Belanger, and Thelma. The recent work of the 
writer (in press) in this area has shown that the 
Thelma sandstone does not exist as a distinct 
member in Saskatchewan, that the Belanger 
and Oxarart sandstones are distinct and per- 
sistent members, and that there is a fourth, 


thick sandstone below the Oxarart, equivalent — 


to the sandstone in Alberta erroneously called 
Oxarart by Furnival. 

Above the highest sandstone member the 
Bearpaw consists of the characteristic gray 
shale, which merges through a few feet of sandy 
shale into the predominantly sandstone forma- 
tion known as the Eastend. In this area the 
Eastend is a rather uniform formation, about 
100 feet thick, consisting mainly of very fine, 
soft sandstone, light buff to yellowish, in part 
with fine clay banding. It contains beds of 
limonite concretions and fine layers of carbo- 
naceous matter. Fossils are rare, but at one 
locality a rich pelecypod fauna occurs (Russell, 


1943), apparently the youngest marine fauna 
of the Canadian plains, and equivalent in age 
to the Fox Hills fauna of North Dakota. The 
fine yellow sand of the Eastend passes upward, 
with a transitional contact, into the gray and 
white kaolinized sands and clays of the White- 
mud formation, the most conspicuous com- 
ponent of this section, and one that is quarried 
locally for refractory clay. The thickness of the 
formation, as now defined, is 50-75 feet. It 
contains only obscure plant and pelecypod re- 
mains but appears to be the northern extension 
of the Colgate sandstone, commonly regarded 
as the upper part of the Fox Hills series. Form- 
erly a zone of purplish-gray, bentonitic clay 
lying above the white beds was included in the 
Whitemud formation, but Furnival (1946, p. 89) 
has separated this as a distinct formation, the 
Battle. The thickness of the Battle formation 
is about 25 feet, except where part or all has 
been removed by pre-Frenchman erosion. 
The rocks above the Battle were formerly 
grouped together as the Ravenscrag formation 
(McLearn in Fraser e¢ al., 1935), although it was 
recognized that the lower portion was of Creta- 
ceous age as distinct from the remainder of 
probable Tertiary age. Furnival (1946, p. 94) 
separated this lower, Cretaceous part as the 
Frenchman formation, and gave the diagnostic 
features as “thick, massive or coarsely cross- 
bedded, medium-grained sandstones with rare 
coaly beds.” Reference to McLearn’s descrip- 
tion (Fraser et al., 1935, p. 41) of the “Lower 
Ravenscrag” shows that this is only one of two 
distinct lithological phases characteristic of this 
portion of the sequence. In addition to the 
sandy phase described by Furnival, originally 
called Sand B by McLearn, there is also a phase 
characterized by “dark- and light-coloured 
plastic clays and shaly silts, bentonitic in 
places” (McLearn in Fraser et al., 1935). Mc- 
Learn states that the sandy “zone” is the lower 
part of the “Lower Ravenscrag,” and is espe- 
cially well developed where there has been 
erosion of the Battle beds, whereas the clay 
“zone” represents the upper part. This may be 
the relationship in places, but where observed 
by the writer in adjacent outcrops, the two 
phases appeared to be either stratigraphically 
equivalent, or to have the sandy phase lying 
above the clay phase. Dinosaur bones, common 
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in the clay phase, have not been found in the 
sand, so that it is not certain that the sand 
is Cretaceous. An alternative interpretation, 
which requires further evidence for proof, is 
that the sand phase of Furnival’s Frenchman 
formation represents very early Tertiary chan- 
nel filling in the various Cretaceous rocks, 
including the dinosaur-bearing, clay phase of 
the Frenchman. 

Whether or not the sandy beds are to be 
included within the Frenchman formation, this 
unit rests unconformably upon Battle and older 
sediments. Along the southeastern flank of the 
Cypress hills this unconformity appears as a 
moderately fluctuating plane of contact, and a 
recognizable portion of the Battle formation 
usually persists below. Farther southeast, down 
Frenchman River valley, the base of the 
Frenchman formation can be seen cutting down 
progressively through the Battle, the Whitemud 
and the Eastend, until finally it reaches a 
stratigraphical level well down in the Bearpaw 
formation. Thus a vertical interval of over 200 
feet is transgressed in a distance of about 20 
miles. As it cuts down, the Frenchman forma- 
tion thickens, so that the contact with the 
overlying Ravenscrag formation maintains ap- 
proximately its stratigraphical position. These 
transgressive beds are of the clay phase and, 
like the similar sediments farther west, contain 
dinosaur remains. Skulls and bones of the 
horned dinosaur Triceratops have been found 
here, indicating correlation with the Lance 
stage of the Late Cretaceous. The Frenchman 
formation, in the writer’s view, is the Canadian 
equivalent of the Hell Creek beds, which also 
contain the Lance dinosaur fauna, and are 
known to rest in places unconformably upon 
the Colgate sandstone (Dobbin and Reeside, 
1929). 

The Ravenscrag formation, in the restricted 
sense defined by Furnival and here adopted, 
consists of fine sandstones, clays and shales, 
light-gray to buff with much interbedding and 
lateral change. Lignite beds, many of them 
workable coal seams, occur throughout the 
formation, and the lowest of these is taken 
provisionally to mark the base. In south-central 
Saskatchewan, a white, kaolinized member 
(Willowbunch), over 400 feet above the base, 
has been mistaken for the Whitemud formation. 


The total thickness of the Ravenscrag formation 
varies from place to place, because the top of 
each section is an erosion surface, but the 
average for southwestern Saskatchewan is 
about 200 feet. The fossil plants and mollusks 
of the Ravenscrag formation are similar to 
those of the Fort Union group, and the oc- 
casional bone bed contains no trace of dino- 
saurs. Mammalian fossils have not yet come to 
light in the formation, but an assignment to 
the Paleocene may be made with some confi- 
dence. The lower part of the formation is pre- 
dominantly gray, the upper buff. The gray 
phase is comparable with the Ludlow and Lebo 
formations of eastern Montana and adjacent 
North Dakota; the buff phase is almost identi- 
cal lithologically with the Tongue River forma- 
tion. 

In the Cypress Hills area, the Ravenscrag is 
overlain by the conglomeratic sandstones of the 
Cypress Hills formation, of Early Oligocene 
age. Farther east the upper limit is capped by 
the Wood Mountain gravel, of Miocene age. 


Southeastern Alberta Section 


This is the continuation into Alberta of the 
sequence surrounding the Cypress hills and 
shows a close resemblance to the section of 
southwestern Saskatchewan. However, it is also 
transitional to the sections farther west in 
Alberta. Three distinct sandstone members 
occur in the upper Bearpaw here. Russell 
(1932a, p. 132; Russell and Landes, 1940, p. 86) 
included them in the Eastend formation, along 
with the intercalated shale beds, but Furnival 
(1946, p. 74) very properly assigned them to 
the upper part of the Bearpaw. Furnival named 
the upper sandstone the Thelma member, and 
correlated the middle and lower sandstones 
with the Belanger and Oxarart, respectively, of 
southwestern Saskatchewan. The writer (in 
press) has found that the middle sandstone of 
the Southeastern Alberta Section is equivalent 
to the combined Oxarart and Belanger mem- 
bers of southwestern Saskatchewan, and that 
the lower sandstone, over 100 feet thick, is a 
distinct member, about 40 feet below the true 
Oxarart of Saskatchewan. For this fourth or 
lowest sandstone member, the writer is pro- 
posing the name Black Eagle sandstone. The 
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type section occurs on the Black Eagle ranch 
south of Thelma, Alberta, but the member 
extends at least as far east as Battle Creek, 
Saskatchewan. Well-preserved marine mollusks 
have been found in the Bearpaw sandstones of 
southeastern Alberta, particularly in the lower 
part of the middle, or combined Oxarart- 
Belanger member. This fauna was described by 
Landes (Russell and Landes, 1940, pt. II) as 
from the Eastend formation, following Russell’s 
inclusive usage, but it is much older than the 
Eastend as now defined. 

The Eastend formation of southeastern Al- 
berta, in the restricted sense, consists of fine, 
buff-colored sandstones in the lower and upper 
parts, but with a middle portion of variegated 
sands and clays with at least one workable coal 
seam. Passage to the Whitemud is very transi- 
tional. The Whitemud formation, in the re- 
stricted sense used by Furnival, is only about 
10 feet thick here, and is predominantly silty, 
with only an occasional bed of refractory clay, 
but, nevertheless, characteristically white. The 
overlying gray and brown clays, corresponding 
to the Battle formation, may reach a thickness 
of 30 feet, but they are commonly much thinner, 
due to post-Battle erosion. Where complete, 
the Battle beds contain near their top a per- 
sistent bed, about 6 inches thick, of dense, 
light-gray, siliceous rock, identified by Sander- 
son (1931) as the Kneehills tuff of the Central 
Alberta Plains Section. 

The post-Battle unconformity may eliminate 
beds here as far down as the upper part of the 
Eastend formation. Above the unconformity 
the rocks are predominantly brown to buff, 
fine-grained, crossbedded sandstones, with in- 
durated masses present locally. The writer 
(1932a) assigned these sandstones to the Raven- 
scrag formation, with the suggestion that they 
represented only the upper or buff phase of the 
Saskatchewan Ravenscrag, the gray phase, and 
the dinosaur-bearing “Lower Ravenscrag” 
(Frenchman) being absent. Furnival (1946, p. 
104) disagreed with this and pointed out the 
resemblance between this supposed Ravenscrag 
of Alberta and the sandy beds of his Frenchman 
formation in Saskatchewan. This question will 
be discussed further under correlation, but the 
possibility of the sandy beds being younger than 
true Frenchman suggests a way in which the 
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stratigraphical and paleontological evidences 
might be reconciled. Total thickness of the 
post-Battle sediments in the Cypress hills of 
Alberta is 560 feet. These sediments are over- 
lain by about 25 feet of coarse conglomerate, 
evidently the western extension of the Cypress 
Hills formation, but more purely conglomeratic, 
and apparently without fossil content. 


Southwestern Alberta Section 


The typical development of this sequence is 
in the southwestern corner of the province, 
between Lethbridge and Waterton lakes; the 
exposures are found along Oldman, Waterton, 
Belly, St. Mary, and Milk rivers. The Bearpaw 
formation has no sandstone members near the 
top, but passes with some alternation of sand- 
stone and shale into the massive, buff sandstone 
of the Blood Reserve formation. This is 50 to 
100 feet thick and is the northern continuation 
of the Horsethief sandstone of northwestern 
Montana. It contains a few marine inverte- 
brates of the Bearpaw fauna in its interbedded 
shales, and usually terminates above in a con- 
spicuous bed of brackish water fossils. The 
overlying formation is the St. Mary River, more 
than 1,000 feet of light-gray calcareous sand- 
stones and gray or greenish mudstones, with 
great lateral variability. There is an abundant 
and characteristic fauna of fresh-water mol- 
lusks, and numerous occurrences of isolated 
dinosaur bones. Thé contact with the overlying 
Willow Creek formation is usually sharp. The 
latter is composed of silts and impure clays, 
with few hard beds. These sediments weather 
readily into “badlands” forms. The most char- 
acteristic feature is the color, which is pre- 
dominantly pink but includes pastel shades of 
maroon, purple, and blue. North of Oldman 
river these brilliant colors fade out. The forma- 
tion is about 1,000 feet thick and is largely 
unfossiliferous. The upper portion, on Willow 
creek, contains fresh-water mollusks similar to 
those of the Fort Union fauna, and the entire 
formation was referred tentatively (Russell, 
1932a) to the Paleocene. Some later workers 
have questioned this assignment, and Furnival 
(1946, p. 89) has emphasized the analogy in 
position of the Willow Creek and the White- 
mud. The uppermost formation of the South- 
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western Alberta Section is the Porcupine Hills, 
a thick and highly lenticular series of massive 
calcareous sandstone, usually with clay-pellet 
conglomerates, and a small amount of shale. 
The contact with the Willow Creek formation 
is transitional, with much interbedding and 
lateral change. 


Central Alberta Plains Section 


The typical development of this sequence 
occurs east and northeast of Calgary, with 
good exposures on Bow and Red Deer rivers. 
Here the uppermost portion of the Bearpaw 
formation consists of brown shales, with thin 
beds of fine, clayey sandstone (Bassano mem- 
ber). The contact with the overlying Edmonton 
formation is distinctly marked by the appear- 
ance of light-gray, bentonitic sandstones. 
Oyster shells usually occur in the vicinity of 
the contact. The typical Edmonton sediments 
are pale-gray, soft sandstones which weather 
readily into “badlands” forms. With these may 
occur many irregular beds of brown and gray 
clay and indurated calcareous and ferruginous 
masses. Coal seams are numerous and per- 
sistent. The ferruginous and carbonaceous 
matter give the outcrops a typical color-banding 
of gray, rusty, and dark gray. In the upper part 
is a zone of white and somber clays and sands 
that closely resemble the sediments of the 
Whitemud and Battle formations and are com- 
monly accepted as their equivalents. The top- 
most beds, where present, are predominantly 
buff sandstone, rather free of clayey material. 
Maximum thickness of the formation is slightly 
over 1,000 feet, but it is commonly less as a 
result of post-Edmonton erosion. The fossils 
include plants, brackish water and fresh-water 
mollusks, and a rich fauna of vertebrate re- 
mains, especially those of dinosaurs. The dino- 
saurian fauna, as made known by Lambe, 
Brown, C. M. Sternberg, and other workers, 
shows, for the most part, a definite pre-Lance 
characteristic, but very recently Sternberg 
(1947) has discovered that the uppermost beds 
of the formation, lying above the Whitemud 
and Battle equivalents, contain a characteristic 
Lance dinosaur fauna. The writer (1932a) previ- 
ously assigned the Edmonton formation, on 
stratigraphical and paleontological evidence, 


to an age in part equivalent to late Pierre, in 
part representing the Fox Hills stage. It is now 
evident that the time range of the Edmonton 
formation overlaps that of the Lance stage. 
Overlying the Edmonton formation in the 
central Alberta plains area is the Paskapoo 
formation, which almost all workers have 
recognized as Early Tertiary. The Paskapoo 
usually rests upon the Edmonton beds with 
an abrupt contact, marked by a basal sandstone 
of thick and massive character. Although not 
strictly conglomeratic, this sandstone contains 
pebbles derived in part from the underlying 
Edmonton beds but including fragments from 
igneous masses and from Paleozoic sediments. 
Sanderson (Allan and Sanderson, 1945) along 
Red Deer River first established the presence 
of an erosional unconformity at this contact; 
his surveys have indicated that as much as 
450 feet of Edmonton sediments have been 
removed in places before the deposition of the 
basal Paskapoo sandstone. Occasionally, how- 
ever, the characteristic basal Paskapoo sand- 
stone is absent, and the Edmonton passes into 
the Paskapoo with a much less abrupt transi- 
tion. Such a condition characterizes those 
places where the Edmonton formation was 
little eroded prior to the deposition of the 
Paskapoo sediments; in these erosion remnants 
of uppermost Edmonton the Lance dinosaurs 
occur. Above the basal sandstone, the Paskapoo, 
very characteristically, consists of irregular 
alternations of massive to thin-bedded calcare- 
ous sandstone with layers of non-laminated 
friable gray and brown shale. Although channel- 
ling and cross-bedding are locally conspicuous, 
the marked lateral change characteristic of the 
Paskapoo strata may not be obvious unless 
there is a large exposure. Few if any beds in 
this formation are suitable for long-distance 
correlation. Throughout most of its occurrence, 
the Paskapoo formation forms the bedrock im- 
mediately underlying the soil and drift, and its 
original total thickness cannot be estimated. 
Adjacent to the disturbed belt in western Al- 
berta, at least 3,000 feet of Paskapoo sediments 
appear to be present. The fossil content of the 
formation is not as rich as that of the under- 
lying Edmonton, but well-preserved fossil plants 
of Fort Union type frequently occur, and 
abundant non-marine mollusks, both fresh- 
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water and terrestrial, of the typical Fort Union 
fauna. Vertebrate remains are less common, 
but along with fragmentary bones of turtles, 
Champsosaurus, and crocodiles, mammalian 
teeth are occasionally found (Simpson, 1927; 
Russell, 1926, 1929, 1932b). Although occurring 
at various levels within the formation, those 
teeth that are diagnostic of exact age all indi- 
cate a correlation with the Late Paleocene, that 
is, the Tiffanian and Clarkforkian of the western 
United States. If the Paskapoo formation is 
exclusively of this age, then the time interval 
represented by the Edmonton-Paskapoo un- 
conformity can be equated with Early and 
Middle Paleocene time, and possibly with part 
of the latest Cretaceous (Lance stage). 


Central Alberta Foothills Section 


Within the disturbed belt, along the western 
margin of central Alberta, from Bow river to 
north of the Athabaska, the younger strata 
display a more extensive development of the 
fresh-water facies than in any other section 
within the region. The youngest marine rocks 
of this area are of early Montanan age, cor- 
responding to the Telegraph Creek formation 
of the northwestern plains States. Above these 
marine shales lies a great thickness of purely 
continental strata, possibly 13,000 feet thick in 
places (Allan and Rutherford, 1934, p. 36). 
Various names have been applied to this great 
non-marine series. In 1911 Malloch used the 
name Brazeau for the lower part. Allan and 
Rutherford (1923, p. 51) designated the whole 
as the Saunders series. Later these same authors 
(1934, p. 34) applied the more inclusive term 
Foothill series to these and similar sediments. 
The general correlation of the series has long 
been recognized by all workers. It covers an 
age range extending from early Montanan time 
to the close of the Cretaceous, or later. It is 
therefore the equivalent of several highly varied 
series of marine and non-marine strata lying 
farther to the east and south. Alternating sand- 
stone and shale predominate. The sandstones 
are of medium to coarse grain, and occasionally 
conglomeratic. As in the case of the Paskapoo 
sandstones, they lens out laterally within short 
distances. The shales are also of the fresh-water 
type, poorly laminated, rather friable, usually 


with an appreciable sand content, the kind of 
argillaceous sediment frequently designated 
raudstone. Coal seams are common, especially 
in the middle portion of the series, and in many 
cases reach commercial thicknesses. The fossil 
content of the series is not rich, but includes 
plants, invertebrates, and vertebrates. The 
plant fossils are more widely distributed 
throughout the series than are the other organic 
remains, and include floras of both Cretaceous 
and Tertiary age. The non-marine molluscan 
faunas are usually confined to the upper part 
of the series, although in the more southerly 
portion of the area a few rich beds of fresh- 
water shells occur in the lower part. Along with 
abundant aquatic forms, such as pond snails 
and river clams, there is a conspicuous element 
of land snails. Except for the fossils in the lower 
beds, these non-marine mollusks are closely 
comparable with the Fort Union molluscan 
fauna, and are taken to indicate a Paleocene age. 
Of the vertebrate fossils, bones of dinosaurs are 
found occasionally in the lower part of the 
series. Most commonly, however, the vertebrate 
remains consist of fragmentary fish skeletons, 
or the bones of reptiles other than dinosaurs. 
A few mammalian teeth have been found in the 
middle and upper portions of the series, and all 
of the significant ones indicate a Paleocene age. 

Although the general correlation of the Late 
Cretaceous and Early Tertiary sediments of 
the Central Alberta Foothills Section is well 
established, there is still considerable disagree- 
ment as to the detailed equation with the 
formations to the east. The evidence of the 
fossils is strongly in support of the view that 
the thick upper portion of the series is of Early 
Tertiary age. Thus Warren (in Rutherford, 
1926, p. 12, 13) recognized the Tertiary aspect 
of the plants and invertebrates in the upper 
part of the series. Russell (1932a, p. 146, 147), 
on the basis of the non-marine molluscan faunas, 
extended the range of the Tertiary portion to 
include the uppermost part of the coal-bearing 
division, and (1932b, 1948) has also recorded 
the presence of Paleocene mammals at various 
horizons within the series. The paleobotanical 
studies of Bell (in Lang, 1947, p. 32) indicate 
that Tertiary correlation must be applied even 
farther down in the series, to include most of 
the commercial coal seams and their associated 


strata. 
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REVISION OF CORRELATION 


Southwestern Saskatchewan Section to South- 
eastern Alberta Section 


In earlier studies of the section in the Cypress 
hills of southeastern Alberta, Russell (1932a, 
p. 132, 133) included within the Eastend forma- 
tion a thick series of sandstones and shales, in 
part marine, which he stated to be equivalent 
to upper Bearpaw beds of Saskatchewan, and 
therefore below the Eastend formation of the 
type area. Furnival (1946, p. 76) actually 
demonstrated this relationship, showing that 
the sandstone members in the upper part of 
the Bearpaw formation in Saskatchewan merged 
into shale eastward, whereas to the west they 
were the sandstones included by Russell in the 
Eastend formation. Accordingly, Furnival rec- 
ognized these sandstones, both in southeastern 
Alberta and in adjacent Saskatchewan, as 
members of the Bearpaw formation, and named 
them in ascending order the Oxarart, Belanger, 
and Thelma sandstones. The Thelma sandstone, 
best developed in Alberta, was thought to ex- 
tend as far east as Battle creek, Saskatchewan, 
and the Belanger and Oxarart sandstones to be 
traceable from Alberta eastward for about 36 
miles into Saskatchewan. 

The recent field work of the writer (in press) 
corroborates the general relationships of these 
sandstone members as described by Furnival, 
but shows that the details are somewhat differ- 
ent than postulated by that author. Thus the 
lower sandstone of the Southeastern Alberta 
Section reappears on Battle Creek, Saskatche- 
wan, 40 feet below the true Oxarart member, 
with which it was correlated by Furnival. For 
this lowest sandstone, the writer is proposing 
the name Black Eagle member. The middle 
sandstone of the southeastern Alberta section, 
on the basis of thickness and position relative 
to other members, is the equivalent of both the 
Oxarart and Belanger sandstones of Saskatche- 
wan, as well as the intervening shale beds 
(Fig. 2). Landes’ ‘““Eastend” fauna (Russell and 
Landes, 1940, pt. II) can now be recognized as 
occurring in beds equivalent to the Oxarart 
sandstone of Saskatchewan, over 200 feet below 
the Eastend formation as now restricted. As to 
the Thelma sandstone, a distinct member in 
southeastern Alberta, there are sandy beds 


along Battle creek that Furnival recognized as 
the eastward extension of this member, but 
which the writer does not regard as distinctive 
enough for such a correlation. 

The Eastend formation, as now restricted, 
maintains its thickness of about 100 feet from 
east to west. Its rather uniform lithological 
character in Saskatchewan is altered in Alberta 
by the appearance of a middle member with 
shale beds and coal seams. Traces of this mid- 
dle member can be found in the Eastend of the 
Fort Walsh district, Saskatchewan. The White- 
mud formation can be restricted in Alberta, as 
in Saskatchewan, to the light-colored clays and 
sands, placing the overlying gray and brown 
clays in the Battle formation. =n southeastern 
Alberta the Battle formation, and even part or 
all of the Whitemud formation, may have been 
removed locally by pre-Ravenscrag erosion. 
The sediments above the unconformity were 
referred (Russell, 1932a, p. 142) to the Raven- 
scrag formation and equated with the upper or 
buff portion of the type Ravenscrag of Sas- 
katchewan. This correlation implies that the 
rocks overlying the post-Battle erosion surface 
are progressively younger from east to west. 
Some support is given to this view by the 
section in the vicinity of Fort Walsh, near the 
western edge of Saskatchewan. Here the Battle 
clays are overlain unconformably by gray and 
brown impure clays and sands, partly bento- 
nitic, with thin coaly beds. Lithologically these 
strata resemble the somber lower portion of the 
type Ravenscrag (Middle Ravenscrag of Mc- 
Learn), and appear to be without dinosaur 
remains. It is concluded that the post-Battle 
erosion surface is overlain by Cretaceous (i.e., 
Lance) beds of the Frenchman formation about 
as far west as Ravenscrag village. Between here 
and the Alberta boundary the overlying strata 
represent the lower, somber portion of the 
restricted Ravenscrag formation; farther west 
only the upper, buff portion of this formation is 
present. Such a correlation is supported by the 
presence, near Eagle butte, Alberta, of a non- 
marine molluscan faunule in basal Ravenscrag 
beds. The fossils, originally reported by Dyer 
(Williams and Dyer, 1930, p. 68) and listed in 
revised determination by the writer (1932a, 
p. 142), clearly represent species of the Fort 
Union fauna and those found in the restricted 
Ravenscrag of Saskatchewan. 
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This question of the upper limits of the post- 
Battle unconformity from east to west is im- 
portant to the physical history of the western 
plains. Unfortunately, the writer’s views still 
require complete confirmation and are directly 
opposed by the correlations of Furnival, who 
(1946, p. 105) has identified the sands in the 
lower part of the Alberta Ravenscrag as the 
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favors the writer’s original correlation of the 
Alberta Ravenscrag as Paleocene exclusively. 


Southeastern Alberta Section to Southwestern 
Alberta Section 


Most students of the stratigraphy of southern 
Alberta now recognize that the upper limits 
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Ficure 2.—CorrELATION CHART, SOUTHWESTERN SASKATCHEWAN TO SOUTHWESTERN ALBERTA 


Column on left shows approximate equivalents 


equivalent of his Frenchman formation farther 
east. In the descriptive section, above, it has 
been pointed out that this formation as de- 
limited by Furnival shows two distinct lithologi- 
cal phases, one predominantly sandstone, the 
other predominantly bentonitic clay. Dinosaurs 
of the Lance fauna occur in the clay phase, and 
it is possible that this alone is of Cretaceous age, 
the sandstone being channel fillings of very 
early Tertiary date. In any case, these sand- 
stones are not continuous from east to west, 
and the resemblance may be merely the result 
of depositional conditions on the post-Battle 
land surface. The Fort Union molluscan faunule 
in the basal Ravenscrag of Alberta, mentioned 
above, is strong evidence against the correlation 
of these beds with the Frenchman of Saskatche- 
wan. It is concluded that the evidence still 


in northern U. S. Plains region; not to scale. 


of the marine Bearpaw formation occur progres- 
sively higher in the sequence from west to east 
across this region (Fig. 2). Furnival (1946, p. 63) 
equates the “Oxarart” (Black Eagle) sandstone 
of southeastern Alberta and adjacent Sas- 
katchewan with the Blood Reserve sandstone 
of the Southwestern Alberta Section, a forma- 
tion that immediately overlies the Bearpaw. 
On this basis, some 200 feet of uppermost 
Bearpaw strata on the southeast would be the 
time equivalent of entirely post-Bearpaw sedi- 
ments on the west. From paleogeographical 
considerations, one might go furtuer and postu- 
late that the Blood Reserve sandstone is some- 
what older than the Black Eagle, although 
possibly once continuous with it across the area 
now eroded to expose the older formations. 
That is to say, the Blood Reserve and Black 
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Eagle sandstones may represent the two ends 
of a once continuous zone of deltaic deposits, 
which moved gradually eastward during the 
withdrawal of the Bearpaw sea. This hypothesis 


supporting evidence. Correlation of the upper 
part of this formation with the Paleocene, 
originally based upon the presence of a Fort 
Union molluscan fauna, has been confirmed by 
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Ficure 3.—CoRRELATION CHART, SOUTHEASTERN ALBERTA TO CENTRAL ALBERTA PLAINS 
Column on left shows approximate equivalents in northern U. S. Plains region; not to scale. 


leads to the suggestion that the equivalents of 
the uppermost .Bearpaw and the Whitemud 
and Battle formations of the southeast are to be 
found in part of the St. Mary River formation 
of southwestern Alberta. It now appears likely 
that Lance equivalents are also present in the 
St. Mary River formation. Sternberg (1947, and 
personal communication) has found the small 
ceratopsian dinosaur Leptoceratops to be re- 
stricted to the Lance equivalent in the Ed- 
monton formation of central Alberta. Some 
years ago an incomplete skeleton of this dino- 
saur was collected by Barnum Brown from the 
St. Mary River formation of northern Montana. 
A Lance correlation for the uppermost St. 
Mary River beds would equate them with the 
Frenchman of Saskatchewan, and would rule 
out the suggestion (Furnival, 1946, p. 89) that 
the overlying Willow Creek formation is in 
part equivalent to the Whitemud. A Lance 
correlation for the lower part of the Willow 
Creek formation is possible, but still without 


the paleobotanical studies of W. A. Bell (per- 
sonal communication). 


Southeastern Alberta Section to Central Alberta 
Plains Section 


The recognition of the equivalents of the 
Whitemud and Battle formations of south- 
eastern Alberta within the Edmonton formation 
of the central Alberta plains was first made by 
Sanderson (1931) and later supported by the 
writer (1932a, p. 127, 134). This correlation 
indicates that at least an upper portion of the 
Edmonton formation is equivalent in age to the 
Fox Hills stage, because the Whitemud and 
Battle formations are almost certainly the 
northern extensions of the upper Fox Hills. So 
much of the Edmonton formation lies below the 
Whitemud equivalent that it seems likely that 
the lower Fox Hills and a portion of the upper 
Pierre are also represented. To this correlation 
of the Edmonton formation as equivalent to 
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uppermost Pierre, and Fox Hills, must now be 
added the equation of the uppermost Edmonton 
beds with the Lance, as revealed by Sternberg’s 
discovery (1947) of the Triceratops fauna in 
this portion of the formation. In many places 
these Lance equivalents of the Edmonton, and 
even older beds, have been removed by pre- 
Paskapoo erosion, but enough remnants exist 
to show that the Triceratops fauna was widely 
distributed and very characteristic. This Lance 
correlation of the uppermost Edmonton raises 
some curious problems on the relationships of 
the Battle-Frenchman unconformity of south- 
western Saskatchewan to the Edmonton- 
Paskapoo unconformity of central Alberta. 
Obviously the two breaks are not identical, 
because in the first the Triceratops fauna occurs 
above the unconformity, and in the second the 
same fauna. is present below. It is possible that 
an unconformity occurs within the Edmonton 
formation, between the Lance equivalent and 
the underlying portion, the Battle and White- 
mud equivalents or lower, but such a break has 
not been detected and must in any case repre- 
sent a relatively short time interval. The im- 
portant interval in the Central Alberta Plains 
Section is that occurring between the upper- 
most Edmonton, equivalent to the Lance stage 
in places, and the Paskapoo formation, which 
seems to be exclusively Late Paleocene. That 
this interval represents Early and Middle 
Paleocene time seems reasonably well estab- 
lished, but its relationship to the Lance stage 
is still not entirely clear. Two possibilities exist. 
In one interpretation the central Alberta un- 
conformity is an entirely different time break 
from that occurring in southwestern Saskatche- 
wan and southeastern Alberta, and starting 
later in time, also terminated later. Another 
possible view would regard the unconformity as 
continuous spatially, but with different time 
limits in different places. According to the latter 
hypothesis deposition in the southeast ceased 
and erosion commenced at about the close of 
the Fox Hills stage. Meanwhile deposition in 
central Alberta continued on into the Lance 
stage. Then Lance sediments spread eastward 
across the irregular erosion surface of Battle or 
older strata, and about the same time or very 
shortly thereafter deposition ceased in central 
Alberta, to be followed in very late Cretaceous 
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or Paleocene time by an interval of rather pro- 
nounced erosion. This is the view followed in 
preparing the diagram (Fig. 3) which shows the 
transitional relationships of the unconformity 
across the area of east-central Alberta now oc- 
cupied by older formations. Correlation of the 
Paskapoo formation with the Ravenscrag of the 
southeast is still not definite, as mammalian 
faunas are lacking from the Ravenscrag. If, 
however, the writer’s views as to the correlation 
of the Alberta Ravenscrag with that of Sas- 
katchewan are correct, the Alberta Ravenscrag 
is probably approximately equal in age to the 
Paskapoo, that is, exclusively Late Paleocene. 


Southwestern Alberta Section to Central Alberta 
Plains Section 


The general correlation of the St. Mary River 
formation of southwestern Alberta with the 
Edmonton formation of the central Alberta 
plains is now usually recognized. The inter- 
fingering of the two lithological types, described 
by the writer along Little Bow river, has been 
confirmed by later workers. Uncertainty still 
exists, however, as to the upper boundary, that 
is, the horizon in the southwest which is equiva- 
lent to the top of the Edmonton in central 
Alberta. Outcrops are scarce along Little Bow 
river and adjacent streams in that portion of 
the section that is critical to the problem. As 
pointed out previously, the Paleocene mol- 
luscan fauna and the more recently studied 
Fort Union plants of the Willow Creek forma- 
tion are confined to the upper part. On Little 
Bow river the writer (1932a, p. 128) found 
dinosaur bones in beds of essentially Edmonton 
lithological characteristics, and placed the 
Cretaceous-Tertiary boundary above this oc- 
currence. He was unable to establish, however 
the relationships of this portion of the section 
to the St. Mary River-Willow Creek contact 
farther to the southwest. As a working arrange- 
ment, the writer drew the Cretaceous-Tertiary 
boundary at the St. Mary River-Willow Creek 
contact. W. A. Bell (personal communication) 
favors the location of this boundary within the 
Willow Creek formation itself, on the grounds 
that the Paleocene flora and fauna have been 
found only in the upper portion of the forma- 
tion, and on the presence of conglomeratic 
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sandstone near the middle. Similar conglom- 
eratic sandstone apparently also occurs on 
Little Bow river, above the highest dinosaur- 
bearing beds discovered by the writer. It is 


in the critical area, the main hope for future 
solution lies in the discovery of diagnostic fossils 
in the lower portion of the Willow Creek 
formation. 
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FIGURE 4.—CORRELATION CHART, CENTRAL ALBERTA PLAINS TO CENTRAL ALBERTA FOOTHILLS 
Column on left shows approximate equivalents in northern U. S. Plains region; not to scale. 


further assumed that these conglomeratic sand- 
stones are the equivalents of the basal Paskapoo 
sandstone of the Central Alberta Plains Section. 
To this correlation, which would place a large 
lower portion of the Willow Creek formation 
within the Cretaceous, making it equivalent to 
uppermost Edmonton beds farther north, the 
writer has no objection, but such an interpreta- 
tion is not as yet completely proved. The 
presence of Lance equivalents in the St. Mary 
River formation leaves little time available for 
deposition of several hundred feet of Late Cre- 
taceous Willow Creek beds. At least the upper 
portion of the Willow Creek formation is still 
equated with the lower part of the Paskapoo 
formation. The attempt by some workers to 
align the Willow Creek-Porcupine Hills contact 
with the Cretaceous-Tertiary boundary and the 
Edmonton-Paskapoo contact is obviously op- 
posed by both paleontological and stratigraphi- 
cal evidence. Because of the scarcity of outcrops 


Central Alberta Plains Section to Central Alberta 
Foothills Section 


Westward from the central Alberta plains 
(Fig. 4), the Edmonton-Paskapoo contact dis- 
appears beneath a thick series of Paskapoo 
strata occupying the axial portion of the Alberta 
syncline. On the west limb of this broad trough, 
where equivalent strata emerge again, the 
sandstone that is taken to represent the base 
of the Paskapoo overlies strata that do not 
resemble the Edmonton beds lithologically, but 
display the appearance of the Paskapoo strata, 
especially those well above the basal sandstone. 
These sub-Paskapoo strata consist of alternat- 
ing sandstones and shales, a variegated sequence 
of fresh-water deposition. They pass down- 
ward with no important change or break into 
the great non-marine sequence of the foothills, 
to which the names Saunders series and Foot- 
hills series have been applied. If the massive, 


conglomeratic sandstone of the west side of the 
Alberta syncline is truly the equivalent of the 
basal Paskapoo sandstone on the east, and this 
seems a reasonable interpretation, then on purely 
stratigraphical grounds the beds below should 
be equated with the upper Edmonton, in spite 
of the lithological differences (Rutherford 1928, 
p. 24; 1947). According to Rutherford the 
difference between the sub-Paskapoo strata of 
the west and the upper part of the Edmonton 
formation of the east is merely the result of 
different conditions of sedimentation; deltaic 
and partly brackish water on the east, purely 
fresh-water lakes and streams on the west. The 
findings of the paleontologists have long been 
opposed to this view; these upper strata of the 
Saunders series contain Paleocene plants, Fort 
Union-type fresh-water mollusks, and occa- 
sionally mammal teeth of definitely Paleocene 
age. To reconcile the apparent contradiction of 
stratigraphical and paleontological evidence, 
Russell (1932a, p. 147) suggested that the pre- 
Paskapoo Tertiary of the Central Alberta Foot- 
hills Section represented a portion of the time 
of the Edmonton-Paskapoo unconformity of 
the east, in other words Early and Middle 
Paleocene time, and probably also a portion of 
the Lance stage in the Late Cretaceous. No 
serious objection has been raised to this ex- 
planation, and the extension of the Paleocene 
lower limit to a much lower position in the 
series, as established by Bell on paleobotanical 
grounds (Lang, 1947, p. 32) urgently requires 
some such reconciliation of the two lines of 
evidence. The discovery of an incomplete tooth 
of the mammalian genus Pantolambda far down 
in the Saunders series on North Saskatchewan 
river (Russell, 1948) almost proves this inter- 
pretation; it shows that Middle Paleocene strata 
are present here, whereas, as we have seen, 
these are apparently missing from the Central 
Alberta Plains Section. 


SUMMARY 
Conclusions established 
The gradual nature of the Bearpaw Sea with- 
drawal is now generally recognized, and deltaic 
sandstones on the west have been correlated 


with marine shales on the east. The magnitude 
of this transition, however, is probably not fully 
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appreciated by all workers. It is now agreed that 
the St. Mary River formation of the South- 
western Alberta Section and the Edmonton 
formation of the Central Alberta Plains Section 
are essentially equivalent, and that the litho- 
logical transition occurs between Oldman and 
Little Bow rivers. That the Willow Creek 
formation, which overlies the St. Mary River, 
is in part at least of Paleocene age has been 
confirmed by the paleobotanical findings of 
Bell. The Late Paleocene dating of the Paskapoo 
formation, with consequent assignment of the 
Edmonton-Paskapoo unconformity to Early 
and Middle Paleocene time, seems to be rather 
generally accepted. Paleobotany has supported 
the writer’s conclusions in the central Alberta 
foothills, where the equivalence of a great 
thickness of pre-Paskapoo Saunders strata with 
the Paleocene has been confirmed. Further sup- 
port is given by the discovery of a typical 
Middle Paleocene mammal fossil within this 
portion of the series. A Paleocene dating for 
this great thickness of Saunders strata within 
the disturbed belt further supports the writer’s 
repeatedly expressed view that the major Rocky 
Mountain orogeny in the Canadian Cordillera 
was of post-Paleocene age. 


Conclusions requiring further confirmation 


The exclusively Paleocene age of the Raven- 
scrag formation in southeastern Alberta is 
denied by Furnival; who regards the lower por- 
tion of the post-Battle strata there as equivalent 
to his Frenchman formation, i.e., Lance, of 
southwestern Saskatchewan. Should Furnival’s 
view prove correct, it would also invalidate the 
writer’s correlation of the Alberta Ravenscrag 
with only the upper part of the type Ravenscrag 
of Saskatchewan and with the Paskapoo forma- 
tion of the Central Alberta Plains Section. The 
Tertiary age of the Willow Creek formation, 
never positively maintained for the lower part 
by the writer, has been seriously questioned, 
because of the absence of diagnostic fossils 
within this portion of the formation and the 
apparent presence of an important stratigraphi- 
cal break within the Willow Creek formation. 
The relationships of the Battle-Frenchman un- 
conformity in Saskatchewan to the Edmonton- 
Paskapoo unconformity in central Alberta are 
not satisfactorily established as yet. The writer’s 


vi 
ne 
to 
na 
to 
ur 
to 
fr 
fo 
al 
ex 
da 
be 
all 
Pe 
in 
te 
de 
Hi 
th 
pr 
Ec 
fu! 
of 
of 
su 
Al 
F Br 
Tx 
De 


SUMMARY 41 


view of physical continuity of the break, which 
nevertheless varied in its time limits from east 
to west, is made somewhat less probable by the 
narrowing of the time gap on the west, owing 
to the discovery of Lance equivalents in the 
uppermost Edmonton. This makes it necessary 
to postulate a more pronounced shift in time 
from east to west. Within the central Alberta 
foothills, the presence of Early Paleocene equiv- 
alents remains to be established, but the 
extension by paleobotany of the Paleocene 
dating to a portion of the Saunders series well 
below that regarded previously as Tertiary 
allows adequate thickness for a complete 
Paleocene section. 


Conclusions disproved 


The only major and positive change required 
in the writer’s previous conclusions is the ex- 
tension of the Edmonton formation, which was 
definitely correlated with upper Pierre and Fox 
Hills, to include a portion equivalent to part of 
the Lance stage. In the original discussion, the 
presence of Lance equivalents in the uppermost 
Edmonton was considered but thought doubt- 
ful. C. M. Sternberg has established the presence 
of Lance equivalents in the uppermost portion 
of the Edmonton formation, where this has 
survived pre-Paskapoo erosion. 
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ABSTRACT to high-grade metamorphism. Orthoclase formed at 


The Lovewell Mountain quadrangle in south- 
western New Hampshire is underlain by metasedi- 
mentary rocks of the lower Devonian Littleton 
formation and plutonic rocks of the New Hampshire 
magma series, which is probably of late Devonian 
age, 

The lower portion of the Littleton formation in 
the area consists mainly of well-bedded sillimanite 
schist, pseudo-sillimanite schist, and mica-quartz 
schist, whereas the upper portion consists of poorly 
banded gneisses. The thickness of the Littleton 
formation exposed in the area is probably of the 
order of 20,000 feet. The plutonic rocks range from 
quartz monzonite to quartz diorite but granodiorite 
predominates. 

The area is on theeastern flank of a large anticline. 
The foliation in the metasedimentary rocks is mainly 
of the axial plane type and is parallel to bedding 
except at the noses of folds. The plutonic bodies are 
generally concordant although some parts of the 
bodies cross-cut several thousand feet of the ad- 
jacent metasedimentary rocks. Small scale dis- 
cordant relationships are common along the con- 
tacts of the Kinsman quartz monzonite. 

The metasedimentary rocks have been subjected 


the expense of muscovite in a large part of the area 
in response to the high temperatures which pre- 
vailed during the peak of metamorphism, but the 
orthoclase altered to muscovite and quartz under 
declining intensity conditions during the final stages 
of metamorphism in most of the eastern two-thirds 
of the quadrangle. Changes in chemical composition 
during metamorphism were apparently not im- 
portant, although potash was probably added to the 
pseudo-sillimanite schists and soda and lime were 
added to a few of the paragneisses. 

Most of the bodies of plutonic rocks are intru- 
sive, but the gradational nature of the contacts in a 
few places suggests that some of the plutonic rocks 
may have undergone little movement. Definite 
conclusions regarding the source of the granitic 
material could not be drawn. Magma rising from 
great depth may have entered certain favorable 
horizons to form large sill-like masses. The minera- 
logical and textural similarity between the plutonic 
rocks and some of the metamorphic rocks suggests 
that the granitic material may have originated at a 
comparatively shallow depth by the solution or 
partial solution of favorable beds. The mobilized 
material may have moved along approximately the 
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same stratigraphic horizon at which it originated 
to form the intrusive sheets. 


INTRODUCTION 


The Lovewell Mountain quadrangle is lo- 
cated in the southwestern part of New Hamp- 
shire (Fig. 1). Early investigations of the 
bedrock geology in the area were conducted by 
C. T. Jackson (1844) and C. H. Hitchcock 
(1875; 1877; 1878). Daly (1897) made brief 
study of the Kinsman quartz monzonite in the 
eastern part of the quadrangle. Conant (1935) 
reported optically positive cordierite and 
Meyers (1948) described green lazulite from the 
area. Modern mapping in western New Hamp- 
shire has been completed north of the area 
except in the Sunapee quadrangle where C. A. 
Chapman is now conducting field work. South of 
the Lovewell Mountain quadrangle Katharine 
Fowler-Billings (1949) has completed mapping 
through the Monadnock quadrangle to the 
Massachusetts line. 

The field work occupied 31 weeks during the 
summers of 1946 and 1947. The geology was 
plotted on the 1942 edition of the United States 
Geological Survey topographic sheet enlarged 
to a scale of 3 inches to a mile. Most locations 
were made by inspection or by pace and com- 
pass traverses but an altimeter was used on the 
steeper slopes. Some points were located by 
means of aerial photographs taken in 1939 by 
the United States Department of Agriculture. 
About 12 days were spent making pace and 
compass maps (scale of 750 feet to the inch) along 
critical contacts. 
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GENERAL LITHOLOGIC FEATURES 


The metasedimentary rocks (Fig. 2) in the 
Lovewell Mountain quadrangle belong to the 
Devonian Littleton formation and comprise 
about half of the area. Largely schists and 
gneisses, they are in the high-grade meta- 
morphic zone. 

The plutonic rocks belong to the late De- 
vonian (?) New Hampshire magma series, 
which is represented in this area by the Bethle- 
hem gneiss, the Kinsman quartz monzonite, 
and the Concord granite. Post-metamorphism 
quartz veins and light-colored granitic dikes are 
common, especially in the bodies of Kinsman 
quartz monzonite. Large bodies of pegmatite 
are numerous in the western part of the quad- 
rangle and small veins of pegmatite are abun- 
dant throughout the plutonic bodies. 


LITTLETON 


General Statement 


In the Lovewell Mountain quadrangle the 
Littleton formation has been subdivided into 
three members: the Hubbard Hill member, the 
May Pond member, and the Dakin Hill member. 
The Hubbard Hill member is the lowermost 
portion of the Littleton formation in the area. 
The base of this member lies about 5000 feet 
above the base of that portion of the Littleton 
formation which is exposed to the west in the 
Bellows Falls quadrangle (Kruger, 1946, p. 186). 
The Hubbard Hill member is exposed in the 
southwestern and northwestern portions of the 
quadrangle. The May Pond member lies 
stratigraphically above and to the east of the 
Hubbard Hill member. The uppermost portion 
of the Littleton formation, the Dakin Hill 
member, occupies a large area extending from 
the southern boundary to the northern bound- 
ary of the quadrangle in the central portion 
of the area. 
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Hubbard Hill Member and mica-quartz schists.! Discontinuous beds ste 
’ of lime-silicate granulite and quartz conglomer- 
General Statement.—The Hubbard Hill mem- 
n accordance with the c cation u 
ber in the northwestern part of the — - _ Billings (1937, p. 491), rocks composed mainly perc 
posed largely of interbedded sillimanite schists of mica and quartz with a little feldspar are desig- quar 
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ate are exposed in the west-central part of the 
area, and small masses of amphibolite are found 
in a few places. In addition to sillimanite schist 
and mica-quartz schist, banded gneiss occurs 


columns 1 to 5. The sillimanite in the silli- 
manite schists generally occurs in porphyro- 
blasts which are 2-5 cm. long and 5 mm. thick. 
The porphyroblasts generally lie in the plane of 


" 


FicuRE 2.—CoLuMNAR SECTION OF THE METASEDIMENTARY ROCKS 


locally in the Hubbard Hill member in the 
southwestern part of the area. 

The chemical composition of the minerals of 
these rocks is considered in a later section of 
the paper. 

Schist——Interbedded sillimanite schist and 
mice quartz schist comprise most of the 
Hubbard Hill member in the northwestern part 
of the area. Quartz-mica schist and quartz- 
feldspar-mica schist occur locally. Individual 
beds are only a few inches thick, but are con- 
tinuous over considerable distances (Pl. 2, 
fig. 1). A representative measured section of the 
schists is given in Table 1. In the southwestern 
part of the area bedding is not as conspicuous 
as in the northwestern portion. 

The schists are gray and medium-grained to 


nated as follows: mica schist, less than 60 per cent 
quartz and feldspar; mica-quartz schist, 60 to 80 
per cent quartz and feldspar; quartz-mica schist and 
quartzite, over 80 per cent quartz and feldspar. 


coarse-grained. Modes are given in Table 2, 
schistosity and in a few places show a slight 
linear parallelism. Most of the porphyroblasts 
have been drawn out into augen and are parti- 
ally altered to muscovite. Pseudo-sillimanite 
schist occurs locally where the sillimanite has 
largely altered to muscovite. Although the 
sillimanite has been completely replaced in some 
of the schists, small remnants of sillimanite are 
generally found in the core of the muscovite 
pseudomorphs. Accessory tourmaline is slightly 
more abundant in the pseudo-sillimanite schists 
than in the other types. The pseudo-sillimanite 
schists near the northern boundary of the quad- 
rangle are moderately contorted and contain 
small lenses of quartz and feldspar. In this area, 
large cross-muscovite flakes are conspicuous in 
the matrix as well as in the pseudomorphs. 
The fact that the muscovite is only slightly de- 
formed indicates that it formed after most of 
the deformation. 


FOR- SYM- COLUMNAR THICKNESS 
AGE | mation | MEMBER | SECTION IN FEET 
| 
orthoctove gneiss, diotite- quartz 
ow biotite sillimonite gneiss, ond pyrititerous gneiss. 1000017) 
| 
| 
tm | __ __ _] Orihocigae gneise ond biotite gneiss. 0-5,00017) 
3 
Mico quorts schist, quortz - mica schist, quortz - 
feldspar - mica schist, silimanite schist, preudo- siliimenite 
Og > — schist, and gneiss (Dih); quartz conglomercte end 4 
HUBBARD wortzite (Dig); diopside grenulite, octinolite - diopside i 
end purplish biotite schist (DN); amphibolite 6000 
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TasBLe 1.—SectTION or INTERBEDDED SILLIMANITE 
Scuists AND Mica-Quartz ScHISTS OF THE 
Hussarp Hit MEMBER 


Summit of Silver Mountain, Lempster 


Thickness 
(inches) 
0.5 
1.0 
0.1 
0.5 
0.5 
cons 3.0 
Sillimanite 0.3 
2.0 
Sillimanite schist with a few 0.3 inch mica- 
1.3 
Sillimanite schist with a few 0.3 inch mica- 
0.5 
1.0 


Lime-silicate granulite* and associated schist.— 
Beds of lime-silicate granulite occur discontinu- 
ously at one horizon; in the Hubbard Hill mem- 
ber between Gee Mill and the western knoll of 
Marlow Hill in Marlow (Pil. 1). A measured 
section of the lime-silicate beds and associated 
schists is given in Table 3. The granulites are 
medium-grained and light gray or pale green. 
A few of the beds are pyritiferous and have a 
rusty-brown weathered surface. The lime-sili- 
cate rocks were probably derived from impure 
dolomitic limestones. 

Microscopic study shows that the texture is 
essentially granoblastic and that the grain size 
ranges from 0.1 to 1.0 mm. Essential minerals 
are actinolite, diopside, plagioclase, micro- 
cline, and quartz. The plagioclase ranges from 
bytownite (Angsz) to anorthite (An,;) in dif- 
ferent specimens. Common accessories are 
garnet, biotite, pyrite, and sphene. Modes are 
given in Table 2, columns 8, 9, and 10. 

Purplish biotite schists and pyritiferous mica 
schists are interbedded with the lime-silicate 
granulites. The schists are fine-grained to 
medium-grained and are composed mainly of 
quartz, anorthite, biotite, and garnet. A mode 
of the purplish biotite schist is given in Table 
2, column 11. Originally these schists were 
probably calcareous shales. 

Quarts conglomerate and quartzite —Quartz 
conglomerates and quartzites overlie the lime- 
silicate beds. The quartz conglomerates crop 
out almost continuously from Gee Mill tothe 
southwestern slope of Marlow Hill (Pl. 1). 
Discontinuous lenses of quartz conglomerate 
and quartzite, which are too small to be shown 
on the geologic map, are common between 
Marlow Hill and the western boundary of the 
quadrangle. Most of the pebbles in the con- 
glomerate are composed of quartz and are 1 
inch to 2 feet long. They are highly drawn out 
and have axial lengths ranging from 1:2:4 to 
1:3:16. The matrix generally contains more 
than 80 per cent quartz, but locally it is rich 
in muscovite. Biotite, oligoclase, and micro- 
cline occur in minor amounts with accessory 
pyrite, sphene, zircon, and garnet. A mode is 
given in Table 2, column 6. Only one outcrop of 
relatively pure quartzite has been observed in 

?Granulite, as used in this paper, refers to 


quartzo-feldspathic metamorphic rock without 
conspicuous schistosity. 
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Ficure 1. Hussarp Hitt MEMBER 

Interbedded mica-quartz schist and sillimanite schist. 
Ficure 2. May Ponp MEMBER Ficure 3. Dakin Hitt MEMBER 
Crudely banded biotite gneiss. Light-colored lenses are Orthoclase gneiss. The light-colored clots are largely 
composed of quartz, muscovite, and plagioclase. orthoclase with a few per cent of quartz. 
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Ficure 3. Foips in QuaRTz VEINS AND Ficure 4. StRETCHED PEBBLES IN QUARTZ 
QUARTZITE CONGLOMERATE 
The bed of quartzite is shown to the left of the 
hammer. The quartz veins, which occur in mi- 
caceous beds, are more highly contorted than the 
quartzite. 


% FOLDS AND STRETCHED PEBBLES IN THE HUBBARD HILL MEMBER 
Photographs by J. R. Williams 
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TaBLE 2.—EstmaTeD Mopes oF THE HusBBARD Hitt MEMBER 
Schist Quartites | Time silicate granites |Amphi 
1 2 3 4 5 6 7 & 9 10 ii 12 
Number of thin sections..... 1 3 1 5 2 1 1 1 2 y 2 1 
79 | 53 | 55 | 51 | 59 | 88 | 94 3 | 10 | 40 5 
6 5} 13 | 28 | 14 4 6 
6:3) 20 48 | 33 
12 | 22; 12} 21] 18 6 2 3 
40 
40 | 23 | tr 
4 5 1 4] 1 4 
tr tr | te | t | tr tr | tr 
tr tr tr tr tr tr tr tr tr tr tr 
tr tr | tr 
Per cent of anorthite in 
25 | 27 | 28 |27 |28 |28 93 |87 |90 |92 | 35 
Grain size in mm............ 0.1- |0.2- |0.1- |0.2- |0.1- |0.5— (0.1- |0.1- |0.2- |.05—- |0.2- 
1.0} 3.0) 1.0) 40) 8 1.5} 1.0) °1.0) 1.0) 1.0) 1.0) 1.0 


2. Mica-quartz schist. 
3. Quartz-feldspar-mica schist. 
4. Sillimanite schist. 


6. Matrix of quartz conglomerate. 
7. Quartzite. 
Lime-silicate granulites and associated schists. 
8. Diopside granulite. 
9. Actinolite-diopside granulite. 
10. Pyritiferous actinolite granulite. 
11. Purplish biotite schist. 
Amphibolites 
12. Amphibolite. 


* G—Granulose; S—Schistose. 
Schists 
1. Quartz-mica schist. 2 
5. Pseudo-sillimanite schist. 
Quartzites 
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Taste 3.—MEASURED SECTION OF LimE-SILICATE 
Beps AND ASSOCIATED Rocks 


Road cut at Gee Mill in Marlow 
Thickness 
(feet) 
Top not exposed 
Actinolite-diopside granulite.............. 0.4 
Purplish mica-quartz schist............... 6.6 
Actinolite-diopside granulite.............. 1.0 
Actinolite-diopside granulite.............. 0.8 
Interbedded pyritiferous mica-quartz schist 
and purplish biotite schist.............. 6.8 
Garnetiferous granulite.................. 0.2 
Interbedded pyritiferous mica-quartz schist 
and purplish biotite schist.............. 4.2 
Actinolite-diopside granulite.............. 0.4 
Concordant quartz vein.................. 0.6 
Actinolite-diopside granulite.............. 2.5 


Pyritiferous actinolite-diopside granulite.... 12.5 
Interbedded pyritiferous actinolite-diopside 
granulite and mica schist............... 18.9 
Pyritiferous mica-quartz schist............ 14.0 
Pyritiferous actinolite-diopside granulite.... 12.3 
Light-brown actinolite-diopside granulite... 48.5 


Pyritiferous actinolite-diopside granulite.... 2.8 
Interbedded pyritiferous sillimanite schist 

and pyritiferous mica-quartz schist... ... 12.8 
Pyritiferous sillimanite schist............. 1.2 
Mica-quartz schist and sillimanite schist.... 0.7 
Sillimanite schist with a few half-inch beds of 

4.2 
Interbedded pyritiferous mica-quartz schist 

and pyritiferous sillimanite schist....... . 0.8 
1.2 


Interbedded pyritiferous mica schist and sil- 
limanite schist with a few beds of garnet 

Typical nonpyritiferous schists of the Hub- 
bard Hill member 


Total (excluding pegmatites and quartz 


the area. This quartzite has a glassy appearance 
and contains 94 per cent quartz (Table 2, 
column 7). 


Gneisses—Gneisses are not common in the 
Hubbard Hill member, but they occur at a few 
localities in the southwestern part of the area, 
Well-formed lenses of light-colored minerals 
comprise 5-20 per cent of the rock. The lenses 
are several centimeters long and 5 to 10 mm. 
thick. They are composed of andesine and 
quartz with minor amounts of potash-feldspar, 
muscovite, and biotite. Most of the lenses are 
very coarse-grained, with andesine crystals as 
much as 2 cm. long. Because of the coarse- 
grained texture of the lenses, accurate modal 
determinations could not be made. It is esti- 
mated that the lenses contain 60-75 per cent 
andesine (Ansz:) and 25-40 per cent quartz. 
The dark layers in the gneiss are schistose and 
have the same mineralogical composition as 
ordinary mica schist. Some of the gneisses in the 
eastern portion of the Hubbard Hill member in 
Sullivan contain about 5 per cent potash-feld- 
spar and are poorly foliated. These rocks are 
similar to the gneisses of the May Pond member 
which are described in a later section. 

Amphibolite—Small masses of amphibolite 
occur north of Gustin Pond in Marlow. The 
amphibolites are composed mainly of andesine 
and amphibole with minor amounts of biotite 
and quartz. A mode is given in Table 2, column 
12. These rocks are similar to the amphibolites 
in the Littleton-Mooselauke area which are 
believed to be of igneous origin (Billings, 1937, 
p. 493). 


May Pond Member 


General statement—The May Pond member 
lies stratigraphically above and to the east of 


the Hubbard Hill member. In the northern part 


of the quadrangle, the two members are 
separated by a sill of Kinsman quartz mon- 
zonite. The May Pond member is com- 
posed predominantly of banded gneiss although 
beds of well-stratified schist occur in a few 
places. 

Lithologic characteristics —The light-colored 
minerals in the gneiss are generally concen- 
trated in short lenses rather than continuous 
layers (Pl. 2, fig. 2). In some of the gneiss, 
banding is vague and the light-colored constit- 
uents occur in irregular contorted stringers. 
In the well-foliated rocks, the lenses are thinner 
and more continuous than in the massive types. 
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The average lens is about 7 cm. Icng and 1.5 
cm. thick, but some of the lenses reach a maxi- 
mum of 20 cm. in length and 4 cm. in thickness. 
The degree of segregation of the light and dark 
minerals is highly variable. In some of the gneiss 
the light-colored aggregates are composed 
almost entirely of quartz, feldspar, and musco- 
vite; the dark layers consist largely of biotite 
and garnet. More commonly the light-colored 
portions contain a moderate amount of biotite 
and the dark layers contain considerable quartz 
and feldspar. The ratio of light to dark layers 
ranges between wide limits. On the average, 
the light-colored bands constitute 10-20 per 
cent of the rock, but they may comprise as 
much as 30 per cent of the rock. 

The dark layers are generally fairly schistose 
and are composed of biotite, quartz, oligoclase, 
garnet, and sillimanite. Muscovite does not 
occur in any of the unaltered rocks which con- 
tain orthoclase. Although the percentage of 
oligoclase in the dark layers is variable, it is 
unrelated to the amount of feldspar in the light- 
colored bands. The composition of the oligoclase 
is approximately the same in the light and dark 
layers. Sillimanite occurs in fibrous clots and as 
fine needles in biotite and quartz. Sillimanite 
porphyroblasts, 2-4 cm. long, are present in 
some of the gneisses near the contact with the 
Kinsman quartz monzonite. 

In the west-central portion of the quadrangle, 
the light-colored bands in the gneiss are rich in 
orthoclase and poor in plagioclase. Some of the 
orthoclase forms large euhedral porphyroblasts 
2-5 cm. long, but most of the orthoclase occurs 
in coarse-grained lenses with small amounts of 
quartz. Modes of the gneisses containing ortho- 
clase are given in Table 4, columns 1 and 2. 
The mode of the orthoclase gneiss given in 
column 2 was determined from a crushed sample 
of a large block of gneiss. 

In the northern part of the quadrangle, the 
light-colored portions of gneiss are composed 
mainly of quartz, muscovite, and oligoclase 
with only small amounts of orthoclase (Table 4, 
column 5). Some of the light-colored aggre- 
gates have the form of orthoclase crystals. It is 
believed that originally the light-colored por- 
tions of the gneiss consisted mostly of ortho- 
clase which was replaced by muscovite, quartz, 


and oligoclase during a later period of retrograde 
metamorphism. The composition of the oligo- 
clase in the pseudomorphs after orthoclase is 
approximately the same as that of the oligo- 
clase in the enclosing rock. Modes of the gneiss 
occurring in the northern portion of the May 
Pond member are given in Table 4, columns 
3 and 6. 


Taste MODES OF THE May Ponp 


MEMBER 
1 2 3 4 5 6 

Number of 

thin sections.| 2 | * 3 3 2 
i eee 55 | 35 | 38 | 35 | 40 | 52 
Potash feldspar | 3 | 11 
Oligoclase..... 5 | 16 9 4 | 53 | 29 
Biotite........ 24 | 27 | 35 | 40 21:2 
Muscovite..... 4 3 5 1 
Sillimanite..... 7] 10 | 13 3 
Garnet... .<.... 4 5 3 
Magnetite..... tr} tr] tr | tr tr 
tr tr 
Apatite....... ti tr 
& tr tr 
ri tr 
Per cent of 

anorthite in 

oligoclase....| 27 | 28 | 30 | 30 | 30 | 28 
Grain size in a 

0. 2-/0. 2-10. 05-/0. 05—/0. 05-/0.03- 

30| 10) 4.0) 2.0) 4.0} 2.0 


* Mode based on thin sections and powdered 
samples. 

1. Porphyroblastic orthoclase gneiss. 

2. Banded orthoclase gneiss. 

3. Biotite gneiss. 

4. Dark portion of biotite gneiss. 

5. Light-colored portion of biotite gneiss. 

6. Quartz-oligoclase-biotite gneiss. 


Metamorphosed concretions, similar to those 
described by Billings and others (1946, p. 264) 
in the Mt. Washington area are fairly common 
in the May Pond and Dakin Hill members. 
The concretions are ellipsoidal and range in 
size from a few inches to several feet. Mega- 
scopic study indicates that they are rich in 
quartz and garnet with green amphibole occur- 
ring in some specimens. 
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Dakin Hill Member 

General Statement.—The Dakin Hill member 
is the uppermost portion of the Littleton forma- 
tion exposed in the area. Originally the member 
consisted of a thick massive series of shales, 
some of which were black pyritiferous shales. 
During metamorphism the sediments were 
transformed into porphyroblastic orthoclase 
gneiss, biotite gneiss, and pyritiferous gneiss. 
Evidence of bedding is rare and foliation is 
poorly developed. 

Porphyroblastic orthoclase gneiss.—Gneisses 
with large porphyroblasts of orthoclase are 
common in the west-central portion of the 
Dakin Hill member (PI. 2, fig. 3). An outcrop 
of typical porphyroblastic orthoclase gneiss is 
well-exposed in the road cut 500 feet south of 
the junction of Highways 10 and 123 in Mar- 
low. The porphyroblasts of orthoclase are 
commonly 5 cm. long and contain many in- 
clusions. Some of the crystals are euhedral, 
others have been drawn out into augen. The 
porphyroblasts grew largely by replacement 
without displacing the foliation. In the center 
of many of the porphyroblasts, there are un- 
replaced portions of the gneiss. The foliation of 
the gneiss in the core of the porphyroblasts is 
parallel to the foliation in the surrounding 
gneiss. The percentage of porphyroblasts is 
highly variable, ranging from 1 to 10 per cent. 
In the hand specimen, the orthoclase is fairly 
clear and has a sub-vitreous luster. Under the 
microscope, a fine microperthitic structure is 
visible. A chemical analysis of the orthoclase 
from the gneiss is given in Table 9. 

The matrix of the porphyroblastic orthoclase 
gneiss is composed of quartz, oligoclase, biotite, 
sillimanite, garnet, and magnetite. Muscovite 
does not occur in the unaltered gneisses which 
contain orthoclase. The variation in the amount 
of oligoclase is independent of the percentage of 
orthoclase porphyroblasts. In most specimens 
the oligoclase is partially replaced by quartz. 
Myrmekite occurs in small amounts along the 
borders of the orthoclase porphyroblasts. Par- 
tially altered cordierite was found in one speci- 
men. The cordierite is laced with brown iso- 
tropic alteration material and is strongly 
embayed by quartz. Pale-green mica, which is 
probably magnesium-rich biotite, is associated 
with the cordierite. Modes of the gneiss are 


given in Table 5, columns 1 and 1a’; a chemical 
analysis is given in Table 15, column 1. 

Biotite gneiss—Biotite gneiss is common 
throughout most of the Dakin Hill member, 
Irregular lenses and clots of light-colored min- 
erals constitute 2-20 per cent of the rock, 
The lenses are generally 2-5 cm. long and 1 
cm. thick. Most of the light-colored aggregates 
are composed of muscovite and quartz with 
only a small amount of oligoclase-andesine, 
The rectangular outline of some of these aggre- 
gates suggests that they are pseudomorphs 
after orthoclase. 

The dark portion of the gneiss is gray, 
medium-grained, and generally massive. The 
texture is granoblastic and the grain size 
ranges from 0.5 to 2.0 mm. In some places the 
gneiss has a mottled appearance due to a mix- 
ture of fine-grained and medium-grained 
patches about 1-2 inches in diameter; the fine- 
grained portions are rich in quartz and poor in 
garnet and biotite, whereas the medium-grained 
portions are rich in these dark minerals. 

The biotite gneiss is composed mainly of 
quartz, biotite, oligoclase-andesine, sillimanite, 
garnet, and muscovite. Magnetite and aptite 
are common accessories. Modes of the gneiss 
are given in Table 5, columns 2 to 7. In the 
analyzed specimen of biotite gneiss (LM125) 
given in Table 15, the light and dark minerals 
are fairly evenly distributed throughout the 
rock. 

Quartz generally occurs in 2-3 mm. aggre- 
gates composed of 0.5 mm. grains. Although the 
quartz has conspicuous strain shadows and 
moderately sutured borders, it is not highly 


_granulated. Quartz forms embayments in other 


minerals and fills the fractures in shattered 
biotite grains. The quartz which penetrates 
plagioclase commonly has a polygonal outline. 
Coarse sillimanite needles generally occur in 
the micaceous layers and fine needles of silli- 
manite are conspicuous in quartz. In some of 


3 The calculation of the mode from the rock 
analyses is not entirely automatic in these rocks be- 
cause some of the oxides occur in a large number of 
minerals. For this reason the quantities of a few of 
the minerals were determined by Rosiwal analyses 
(shown by an asterisk in Table 5). The mineral 
analyses of biotite, garnet, cordierite, and orthoclase 
(Table 9) were used in the calculations except for the 
ratio MgO:FeO in biotite. The ratio K.0:Na;0 
in muscovite was determined from the rock analysis 
of specimen LM358. 
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the quartz grains, the needles of sillimanite 
have a preferred orientation parallel to the 
long dimension of adjacent biotite flakes. Mus- 
covite occurs in large clear flakes as well as in 
small grains in feldspar. In most cases the 
muscovite is less deformed than the biotite. 
Although garnets are common, they form only 
small crystals 1-2 mm. in diameter. 

Some of the biotite gneisses in the northern 
portion of the Dakin Hill member contain 20-35 
per cent oligoclase-andesine and have a coarse 
igneous-looking texture somewhat similar to 
that of the nonporphyritic phases of the Kins- 
man quartz monzonite. Although some of these 
gneisses occur near bodies of the Kinsman, they 
are also found half a mile from the Kinsman. 

Pyritiferous gneiss —Pyritiferous gneiss is 
common in.all parts of the Dakin Hill member. 
The rusty-brown to jet-black weathered surface 
of the gneiss is distinctive in the field. In even 
the freshest road cuts, the gneiss is highly 
stained. The pyritiferous gneiss grades into 
biotite gneiss with which it is closely associated. 

Most of the pyritiferous gneisses are mas- 
sive, but in limited areas a vague foliation is 
developed. Lenses of light-colored minerals are 
not as common in the nonpyritiferous gneisses. 
Although the main constituents are the same as 
in the other gneisses in the Dakin Hill member, 
the pyritiferous gneiss is richer in graphite and 
pyrite and poorer in garnet and magnetite. 
Some of the gneiss contains as much as 2 per 
cent graphite and 5 per cent pyrite. The yellow 
alteration material that is present in most speci- 
mens is probably melanterite, from the decom- 
position of pyrite. Porphyroblasts of orthoclase 
are not common in the pyritiferous gneisses 
except in a few places in the western portion of 
the Dakin Hill member. Garnets normally 
occur only in the pyritiferous gneisses which 
contain orthoclase. In these rocks the garnets 
form large porphyroblasts up to 1 cm. in diam- 
eter, whereas garnets in the other metamorphic 
rocks are generally only 1-2 mm. in diameter. 
Modes of the pyritiferous gneiss are given in 
Table 5, columns 8 to 11, and a chemical anal- 
ysis is given in Table 15. 


Thickness 


The Hubbard Hill member is about 6,000 feet 
thick. The beds of lime-silicate granulite and 


associated schists have a total maximum thick- 
ness of about 160 feet. An exact determination 
of the thickness of the May Pond member is 
not possible because data indicating the pro- 
portion of overturned beds are meager. The 
probable total thickness of the May Pond 
member is 5000 feet, but this member is absent 
near the northern and southern boundaries of 
the quadrangle. Even less information is avail- 
able on the thickness of the Dakin Hill member. 
The great breadth of outcrop may mean that 
the thickness is of the order of 10,000 feet. The 
total maximum thickness of the Littleton for- 
mation including the 5,000 feet exposed below 
the Hubbard Hill member in the Bellows Falls 
quadrangle may be approximately 25,000 feet. 


Age 


No fossils have been found in the Lovewell 
Mountain quadrangle. However, it is possible 
to trace the Littleton formation through the 
Bellows Falls quadrangle to the Littleton- 
Moosilauke area. Billings and Cleaves (1934) 
have shown by paleontological evidence that 
the Littleton formation is lower Devonian in 
the Littleton-Moosilauke area. 


Piutonic Rocks 


General Statement 


The plutonic rocks in the Lovewell Moun- 
tain quadrangle belong to the late Devonian 
(?) New Hampshire magma series and are rep- 
resented by the Bethlehem gneiss, the Kinsman 
quartz monzonite, and the Concord granite. 
The Bethlehem gneiss and Kinsman quartz 
monzonite were metamorphosed during the 
closing stages of the orogeny in late Devonian 
time. Dikes of light-colored granitic rocks are 
common, but no mafic dikes have been observed. 
Large bodies of pegmatite are abundant in the 
western part of the quadrangle. Small pegma- 
tite veins are found throughout the area but are 
more numerous in the plutonic rocks. The 
problem of the age of the New Hampshire 
magma series is considered after the descrip- 
tion of the individual members. 


Bethlehem Gneiss 


Three bodies of Bethlehem gneiss are exposed 
in the Lovewell Mountain quadrangle. The 
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largest body occurs in the northwestern portion 
of the area and forms the southern extremity of 
the Mt. Clough pluton. A small body of Beth- 
lehem gneiss crops out near the Sullivan-Gilsum 
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Ficure 3.—Piutonic Rocks IN#THE EASTERN 
PART OF THE BELLOWS FALLS QUADRANGLE 


town line in the southwestern part of the area. 
The gneiss in the west-central part of Gilsum 
forms the eastern prong of a body which ex- 
tends for over a mile into the Bellows Falls 
quadran gle (Fig. 3). 

The Bethlehem gneiss is light-gray to dark- 
gray and medium-grained to coarse-grained. 
Quartz augen 1 cm. long are common and large 
augen of feldspar as much as 2 cm. long occur 
locally. The Bethlehem is well foliated near the 
margins of the bodies, but in the central por- 
tions the foliation is poorly developed and is 
not as conspicuous as the lineation. 

Microscopic study shows that the texture is 
mainly granoblastic. Cataclastic textures are 
found to a limited extent around some of the 
large feldspar augen. Essential minerals are 
oligoclase-andesine, quartz, microcline, biotite, 
and muscovite. Minor constituents are apatite, 
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magnetite, pyrite, sphene, and zircon. The 
gneiss ranges from quartz monzonite to quartz 
diorite with granodiorite the predominant type. 
Modes are given in Table 6, columns 1, 2, and 3, 

Most of the microcline occurs in large augen 
1-2 cm. long, but some microcline is found in 
the groundmass. The plagioclase is not zoned 
and ranges in composition from Ane; to Any 
in different specimens. Although most of the 
plagioclase is fresh, it is partially sericitized in 
some of the gneisses near pegmatites. Quartz 
commonly occurs in lenses 5-10 mm. long and 
1-2 mm. thick. The individual quartz grains in 
the lenses average 1 mm. in diameter and have 
not been highly granulated. 

Small, partially reworked schist inclusions 
which range from a few inches to about a foot 
long are fairly common in the gneiss. A mode of 
one of these schist inclusions is given in Table 6, 
column 4. Only one large schist inclusion has 
been observed in the Bethlehem gneiss. This 
inclusion is exposed in the southwestern part of 
Lempster and is 1} miles long with a maximum 
thickness of half a mile. The schist is well- 
bedded and richer in plagioclase than the aver- 
age schist of the Silver Mountain member. 
A mode of the schist from this inclusion is 
given in Table 6, column 5. 

An albitized phase of the Bethlehem gneiss 
is exposed in the road cut 0.3 mile north of the 
Sullivan-Cheshire county line on Route 10. 
The altered rock is composed largely of albite 
(Ans) with some ¢ghlorite and muscovite 
(Table 6, column 6). Pyrite and garnet are 
conspicuous in some of the hand specimens. 
The hydrothermal solutions that caused the 


. alteration of the gneiss may be genetically 


related to the pegmatites which are common in 
this portion of the Bethlehem gneiss. 

In the Mt. Clough pluton the contacts are 
sharp except along the upper (eastern) contact 
in the northern part of the area. One of the 
typical sharp contacts is well-exposed in the 
road cut 0.4 mile south of Marlow Junction. 
The Bethlehem gneiss is very uniform to 
within a few inches of the contact. Except for 
moderate feldspathization near the contact, 
the schists are unaltered. 

The northern portion of the upper (eastern) 
contact is somewhat gradational, especially 
from Dodge Pond to the northern boundary of 
the quadrangle. Within the Bethlehem gneiss 
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TABLE 6.—EstTmMATED MopES OF THE BETHLEHEM GNEISS AND ASSOCIATED SCHISTS 


Type 
1 2 3 | 4 5 6 7 8 9 10 

Number of thin 

sections........ 1 7 2 1 1 1 1 1 1 1 
ee 28 30 31 59 40 2 25 26 29 30 
Microcline........ 23 6 10 5 3 31 
83 
Oligoclase........ 57 30 
Oligoclase-an- 

Andesine......... 36 6 44 55 46 
I cinema 11 12 12 13 10 15 11 15 15 
Muscovite........ 1 2 2 17 2 5 2 tr 1 8 
Perens 1 tr 10 tr tr 
tr 1 tr 
Sillimanite........ tr tr 
Myrmekite....... 1 tr tr 2 1 
eee tr tr tr tr tr 
Magnetite........ tr tr tr tr tr tr tr tr tr 
tr tr tr tr tr tr tr tr 
ER tr tr tr tr tr tr tr tr tr 
tr tr tr 1 
Per cent of anor- 

thite in plagio- 

0 ESTB eee 32 30 32 32 30 8 28 27 30 30 
Size of pheno- 
crysts in mm... .|2.0-5.0|2.0-6.0/3.0-15 
Size of ground- 

mass in mm..... 0.2-2.00. 0.2-1.0 


Mt. Clough Pluton. 

. Quartz monzonite. 

. Granodiorite. 

. Coarse granodiorite. 


. Albitized gneiss. 


Coonan 


Small body at Gilsum-Sullivan town line. 
10. Quartz diorite. 


there are relatively fine-grained layers which 
range from a few inches to several feet thick. 
They extend across outcrops which are exposed 
for several tens of feet. Microscopic study of one 
of the fine-grained layers which occurs 1500 
feet from the contact indicates that it is min- 
eralogically similar to the normal gneiss except 
for a lack of potash feldspar (Table 6, column 


. Schist inclusion, 0.25 mi. SW of Dodge Hollow, Lempster. 
. Schist inclusion, 0.5 mi. NE of Beaver Pond, Lempster. 


. Fine-grained gneiss from layer 2 inches thick, 1500 feet west of the upper (eastern) contact. 
. Transitional rock near the upper (eastern) contact. 
. Quartz diorite, 7’ above the base (western contact) of the pluton. 


7). Although the origin of many of these layers 
is not known, some of the layers near the con- 
tact represent feldspathized schist. The schists 
overlying the pluton have undergone consider- 
able alteration. Some beds have been feld- 
spathized and resemble the Bethlehem gneiss 
in texture and mineralogical composition; 
other beds have not been greatly altered. It is 
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not possible to decide whether some of the 
transitional rocks near the contact represent a 
contaminated phase of the Bethlehem gneiss or 
a granitized portion of the schist. A mode of one 
of the transitional rock types is given in Table 
6, column 8. 

The lower (western) contact of the Mt. 
Clough pluton is sharp and the Bethlehem 
gneiss near the contact appears to be homo- 
geneous. However, microscopic study reveals 
significant differences in the amount of micro- 
cline in the Bethlehem. A specimen obtained 
1 foot from the lower contact on Gates Moun- 
tain contained 7 per cent microcline, whereas 
a specimen 7 feet from the contact contained 
no microcline (Table 6, column 9). 

The specific gravity of most specimens from 
the Mt. Clough pluton ranges from 2.69 to 
2.72. No systematic variation in the specific 
gravity was observed from the base of the 
pluton to the upper contact. 


Kinsman Quartz Monzonite 


General statement——Two bodies of Kinsman 
quartz monzonite occur in the Lovewell Moun- 
tain quadrangle. The body which occupies the 
eastern third of the quadrangle is part of a 
much larger pluton and is referred to in this 
paper as the Bacon Ledge pluton. The name 
Huntley Mountain pluton is applied to the 
smaller tabular body of Kinsman quartz mon- 
zonite in the northwestern part of the area. 

Bacon Ledge pluton.—In the Bacon Ledge 
pluton, the Kinsman quartz monzonite is light- 
gray, coarse-grained, and conspicuously por- 
phyritic. The rocks range from quartz mon- 
zonite to quartz diorite with granodiorite 
predominating. Modes are given in Table 7, 
columns 1 to 5. In calculating the modes for 
the porphyritic types, the percentages of pheno- 
crysts were determined at the outcrop by linear 
measurements. These data were combined with 
the mineral percentages of the groundmass as 
determined in thin section to give the bulk 
modal composition of the rock. 

The phenocrysts, composed of potash feld- 
spar, are 3-7 cm. long, 1-3 cm. wide, and 0.5- 
1.5 cm. thick. They are fairly evenly distrib- 
uted throughout the body and on the average 


comprise 10 per cent of the rock, but locally 
may range from 5 to 25 per cent. The pheno- 
crysts are euhedral and are commonly oriented 
parallel to one another. Except in a few places 
where the rock has suffered late deformation, 
the large feldspar crystals show no signs of 
strain. Under the microscope the phenocrysts 
are seen to be microcline-microperthite. The 
chemical analysis given in Table 9 indicates 
that the feldspar is fairly low in soda with only 
14 per cent of the albite molecule. Within some 
of the phenocrysts there are small grains of 
quartz, plagioclase, and biotite. These inclu- 
sions are irregularly distributed throughout the 
phenocrysts and generally occur in amounts 
less than 1 per cent. 

Large garnets, 1-3 cm. in diameter, consti- 
tute 1 to 5 per cent of the rock. Although 
garnets are found throughout most of the pluton, 
their distribution at many outcrops is highly 
variable mainly because of the alteration of 
the garnet to biotite. There is a complete 
gradation in the alteration from fresh garnet to 
aggregates of biotite pseudomorphous after 
garnet. The chemical] analysis of the garnet 
given in Table 9 indicates that it is largely 
almandite with 16 per cent of the pyrope 
molecule. 

The groundmass of the Kinsman quartz 
monzonite is hypidiomorphic granular and 
somewhat granoblastic. Biotite-rich portions of 
the quartz monzonite are schistose and com- 
monly have cataclastic textures and augen 
structures. The grain-size ranges from 0.05 
to 8 mm. The groundmass is composed largely 
of quartz, oligoclase-andesine, biotite, and 
muscovite with minor amounts of magnetite, 
sillimanite, cordierite, graphite, calcite, apatite, 
zircon, and sphene. In only a very few rocks 
has potash feldspar been found in the ground- 
mass. Normally it occurs in crystals many 
times larger than the other constituent minerals. 

The plagioclase ranges from calcic oligoclase 
(Angs) to andesine (Anss) in different specimens. 
The plagioclase grains are 3-8 mm. in diameter 
and are generally larger than the other min- 
erals in the groundmass. The plagioclase is 
slightly to moderately altered to sericite and 
kaolin with the cores more highly altered than 
the margins. Some blebs of potash feldspar 
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TasLE 7.—EsTimATED Moves OF THE KINSMAN QuaRTZ MONZONITE AND Scuist INCLUSIONS, BACON 
LEDGE PLUTON 


1 2 3 3a 4 5 5 7 8 9 
Number of thin sections....... 2 14 1 2 5 1 1 1 1 
Phenocrysts and Porphyro- 
blasts 

13 11 14 | 14.0] 11 5 

Groundmass 

ere ere 30 29 28 | 32.0] 31 29 80 26 49 35 

Oligoclase-andesine......... 47 

9 10 16 | 14.0 7 7 8 25 18 

OORT 2 1 3 3.0*| tr tr 1 8 4 

tr tr tr 0.7 tr 4 12 

tr tr tr tr tr 

tr tr | 0.1] tr tr tr 

MEE. iocccavscneces tr tr tr Oi) tr tr tr tr tr 

tr tr tr 03.) tr tr 

tr tr tr tr tr tr tr tr tr 

Per cent of anorthite in plagio- 

36 35 34 34 32 35 33 28 10 
Size of phenocrysts and por- 

phyroblasts in mm.......... 10-50} 10-70} 10-50 15-40} 10-60 8-30 
Size of groundmass in mm...../0.2- |0.05- |0.2- 0.5- (0.5- (0.1- |0.1~ |0.05- |0.05- 

8.0} 8.0} 5.0 10.0} 9.0] 1.0} 5.0} 0.8] 6.0 


* Assumed to be equal to amount observed in thin section. 


Porphyritic granodiorite. 


Porphyritic quartz monzonite. 


Porphyritic granodiorite, specimen LM1. 
Porphyritic granodiorite, calculated from chemical analysis, specimen LM1. 
Porphyritic granodiorite (nongarnetiferous). 
Cordierite bearing granodiorite. 
Quartz-mica schist inclusion. 
Feldspathized schist inclusion. 
Porphyroblastic schist inclusion. 
. Altered phase of the Kinsman quartz monzonite. 
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are common in some of the plagioclase. A large 
plagioclase grain mantled by microcline was 
observed in one section. The rim of microcline 
was about 2 mm. thick and had nearly the 
same orientation as the core of plagioclase. 
No case of plagioclase mantling microcline 
has been found. Myrmekite is common along 
the borders of the microcline phenocrysts es- 
pecially where the microcline is in contact with 
plagioclase. The plagioclase in the myrmekite 
is generally in optical continuity with the 
adjacent plagioclase in the rock. The myrme- 
kite is undeformed and apparently grew late. 

Quartz has highly sutured borders and shows 
undulatory extinction, but it is not greatly 
deformed except in the rocks which have been 
subjected to granulation. It has a strong tend- 
ency to embay other minerals, especially 
plagioclase and biotite. Most of the quartz 
contains many tiny needles of sillimanite. 
The fact that these needles are limited to quartz 
in most sections aids greatly in distinguishing 
quartz from plagioclase. 

The biotite flakes are generally randomly 
oriented and in most specimens occur in 5 mm. 
aggregates. Normally the biotite is undeformed, 
but in the rocks which have undergone defor- 
mation, it is bent and shredded. In thin section 
the biotite is typically brown, but some of the 
biotite which has altered from garnet is green. 
A chemical analysis of the brown biotite is 
given in Table 9. In some places, biotite has 
altered to chlorite and muscovite. Muscovite is 
not as abundant as biotite and normally con- 
stitutes less than 3 per cent of the rock except 
in the highly altered specimens. 


Cordierite is fairly common near the western 


contact of the pluton between South Stoddard 
and Camp Merriewoode. The cordierite gen- 
erally comprises 3-7 per cent of the rock with 
local concentrations of 15 per cent not un- 
common. Most of the crystals are anhedral, but 
some have a pseudohexagonal outline. They 
range in size from 8 to 20 mm. The fresh 
cordierite has a vitreous luster and is grayish- 
blue. It is normally darker than quartz, but 
where quartz is dark because of strain the two 
minerals cannot be distinguished megascopi- 
cally with certainty. Most of the cordierite is 
highly altered to sericite. 

Although sillimanite is widespread as tiny 
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needles within quartz, it generally constitutes 
less than 1 per cent of the rock. Larger concen- 
trations of sillimanite are found in the reworked 
inclusions. In these rocks, it normally occurs as 
small needles in mica, but large porphyroblasts 
of sillimanite are present in some of the in- 
clusions. 

Inclusions of metasedimentary rocks in the 
Kinsman quartz monzonite range in size from 
a few inches to several thousand feet. The 
inclusions are generally more abundant near 
the contacts, but the largest inclusion, which 
is south of Goodhue Hill in Hancock, is several 
miles from the contact. Inclusions in all stages 
of digestion may be observed. The inclusions 
which have been subjected to considerable re- 
working are mineralogically and texturally 
similar to the quartz monzonite but have a 
greater content of biotite. Modes of representa- 
tive schist inclusions are given in Table 7, 
columns 6, 7, and 8. 

Porphyroblasts of microcline and oligoclase- 
andesine are commonly well-developed in the 
inclusions. The feldspar crystals in many of 
the inclusions are the same size as in the quartz 
monzonite. Even where the porphyroblasts 
are small, the relative size of the microcline and 
the plagioclase is the same as in the enclosing 
rock. Included grains within the porphyro- 
blasts of microcline are no more abundant than 
in the microcline of the quartz monozonite. 
The included biotite flakes within the porphyro- 
blasts are randomly oriented and coarser than 
in the matrix of the inclusions. Evidently the 
biotite is not simply a relic within the porphyro- 
blasts but has recrystallized and grown into 
larger flakes. There is apparently no increase in 
the amount of garnet in the inclusions and the 
size of the individual crystals is small compared 
to the garnets in the Kinsman quartz mon- 
zonite. Cordierite has not been found in any 
of the inclusions. 

The matrix of some of the inclusions has an 
average grain size of 0.07 mm. and is thus finer- 
grained than any of the schist in the area. 
The origin of these inclusions is not clear. Their 
fine-grained texture is probably not due to | 
late granulation because the feldspar porphyro- | 
blasts are largely undeformed. It is also unlikely 
that the grain size would have become smaller 
during recrystallization within the magma. 


Fe 
Possit 
graine 
P 
in the 
light- 
tered | 
of alk 
vite ( 
occur’ 
replac 
the m 
25 per 
blebs 
in agg 
Hu 
quart 
Hunt! 
porph 
and g 
rock- 
size, 
the rc 
colum 
from 
ally 2 
Kinsr 
rock, 
Frc 
Marl 
tains 
cline. 
2 cm. 
the r 
rock- 
monz 
Hunt 
the ¢ 
spicu 
respe 
(Tab 
has | 
pluto 
; In 
pluto 
Pond 
cline 
and 
stage 


PLUTONIC ROCKS 61 


Possibly these inclusions are fragments of fine- 
grained schists which were brought in from 
outside areas. 

A portion of the Kinsman quartz monzonite 
in the vicinity of Goodhue Hill in Antrim has 
been hydrothermally altered and injected by 
light-colored aplitic material. The highly al- 
tered rock is light-gray to white and is composed 
of albite, microcline-microperthite, and musco- 
vite (Table 7, column 9). The microperthite 
occurs in large grains and appears to have 
replaced much of the albite. The plagioclase in 
the microperthite is albite and comprises about 
25 per cent of the microperthite. [t forms coarse 
blebs up to 1 mm. long. The muscovite occurs 
in aggregates composed of many tiny flakes. 

Huntley Mountain pluton—The Kinsman 
quartz monzonite in the southern portion of the 
Huntley Mountain pluton is essentially non- 
porphyritic and contains little potash feldspar 
and garnet. Quartz diorite is the predominant 
rock-type. Except for a slightly finer grain 
size, this phase is similar to the groundmass of 
the rocks in the Bacon Ledge pluton (Table 8, 
columns 1 and 2). Inclusions range in length 
from a few feet to several tens of feet and gener- 
ally are unaltered. Small concordant bodies of 
Kinsman are common in the adjacent country 
rock. 
From Tinker Pond to Huntley Mountain in 
Marlow, the Kinsman quartz monzonite con- 
tains relatively small phenocrysts of micro- 
cline. Generally the phenocrysts are less than 
2 cm. long and comprise from 3 to 8 per cent of 
the rock. Garnets are uncommon and occur in 
small crystals. Granodiorite is the predominant 
rock-type but there are some phases of quartz 
monzonite (Table 8, columns 3 and 4). From 
Huntley Mountain to the northern boundary of 
the quadrangle, the quartz monzonite is con- 
spicuously porphyritic and is similar in most 
respects to the types in the Bacon Ledge pluton 
(Table 8, column 5). However, no cordierite 
has been observed in the Huntley Mountain 
pluton. 

In the eastern third of the Huntley Mountain 
pluton from Symonds Pond in Marlow to May 
Pond in Washington, the phenocrysts of micro- 
cline have largely altered to quartz, muscovite, 
and oligoclase-andesine. In some outcrops all 
Stages in the alteration may be observed, but 


generally most of the microcline has been com- 
pletely replaced. A mode of one of the pseudo- 
morphs after microcline is given in Table 8, 
column 7. The groundmass of this rock is 
essentially unaltered and is similar to the 
groundmass of the normal porphyritic types. 
The alteration of the microcline apparently 
involved an introduction of soda and lime, but 
a loss of potash. 

Minor bodies—Many small bodies of Kins- 
man quartz monzonite occur in the metasedi- 
mentary rocks near the larger plutons, and a 
few bodies have been found over a mile from 
the main contacts. Although some of the masses 
are cross-cutting, most of them are concordant 
and are only a few tens of feet thick. They are 
generally composed of quartz diorite similar to 
the nonporphyritic phases of the Huntley 
Mountain pluton, but small phenocrysts of 
microcline occur in some types (Table 8, 
columns 8 and 9). The bodies in the southern 
part of the area have sharp contacts, whereas 
those in the northern portion of the May Pond 
and Dakin Hill members tend to have grada- 
tional contacts. In the northern area, the non- 
porphyritic phases of the Kinsman quartz 
monzonite are not greatly different from the 
feldspathic types of paragneiss. 


Concord Granite 


The body of Concord granite in the north- 
western corner of the Monadnock quadrangle 
(Fowler-Billings, 1949) is believed to extend a 
short distance into the Lovewell Mountain 
quadrangle. Although the only outcrops in the 
southwestern corner of the area consist of peg- 
matites, the prevalent float of Concord granite 
suggests that a body of this granite lies below 
the drift. 


Miscellaneous Dike Rocks 


Small dikes, 1-18 inches thick, are common 
throughout the area, especially in the bodies of 
Kinsman quartz monzonite. The rocks are 
light gray, fine-grained to medium-grained, and 
range from quartz monzonite to quartz diorite. 
Most phases have a granitic texture but some 
are porphyritic with microcline phenocrysts 
0.5-2 cm. long. Essential minerals are quartz, 
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TABLE 8.—EstTIMATED MopEs oF THE KINSMAN QuaRTZ MONZONITE AND MISCELLANEOUS DIKE Rocxs 


Kinsman quartz monzonite 
Miscellaneous 
dike rocks 
Huntley Mountain pluton Minor bodies 
Type 
1 2 3 4 5 6 7 8 9 10 il 
Number of thin sec- 
Ne ae roe oe 2 1 4 1 1 3 1 1 2 1 2 
Phenocrysts and por- 
phyroblasts 
Microcline.......... 4 11 7 
2 
Groundmass 
| REI rr 38 29 33 25 21 35 40 23 28 36 36 
Microcline.......... tr 8 5 8 3 5 32 
eee 24 53 
Oligoclase-andesine 48 
43 50 37 59 50 23 56 53 
13 9 8 15 8 13 15 17 4 7 
Muscovite........... 3 2 2 4 1 2 30 1 2 4 
tr tr tr 
a ea 1 1 tr y tr 1 tr tr 
Sillimanite.......... 2 tr tr 3 tr tr 
Myrmekite.......... tr 1 tr 1 1 2 tr 
tr tr tr tr 
Magnetite........... tr tr tr tr tr tr tr tr tr tr 
tr tr tr tr tr tr tr tr tr tr 
tr tr tr tr tr tr tr tr tr tr 
Per cent of anorthite in 
plagioclase.......... 37 34 31 37 33 35 32 34 33 23 24 
Size of phenocrysts and 
porphyroblasts in 
8.0-10'8.0-30'8.0-60 
Size of groundmass in 
0.05- 0.1- 0.1- 0.5- (0.5- (0.1- |0.1- |0.01- [0.04 |0.1- |0.1- 
6.0; 6.0} 8.0; 4:0) 4.0] 6.0] 6.0] 4.0! 4.0] 4.0] 3.0 


Kinsman quartz monzonite. 


Huntley Mountain pluton. 


1. Quartz diorite. 


. Nonporphyritic granodiorite. 
. Porphyritic granodiorite. 


. Garnetiferous granodiorite. 


2 
3 
4. Porphyritic quartz monzonite. 
5 
6. 


Groundmass of granodiorite w ‘+ altered phenocrysts. 
7. Pseudomorph after microcline »cryst. 


Minor bodies. 
8. Granodiorite. 
9. Quartz diorite. 


10. Quartz monzonite. 
11. Quartz diorite. 


Miscellaneous dike rocks. 
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oligoclase, microcline, biotite, and muscovite 
Modes are given in Table 8, columns 10 and 11. 
These rocks are somewhat similar to the Con- 
cord granite but are poorer in potash feldspar 
than most phases of this rock. 


Age of the New Hampshire Magma Series 


The Bethlehem gneiss and Kinsman quartz 
monzonite must be younger than lower De- 
vonian because they cut schists of the Littleton 
formation. Blocks of binary granite similar to 
the Concord granite, which is the youngest 
member of the New Hampshire magma series, 
have been found in the Moat volcanics (Bil- 
lings, 1928, p. 99-100). The Moat volcanics are 
considered to be Mississippian (Billings, 1941, 
p. 918); hence the New Hampshire magma 
series is middle or late Devonian. Furthermore, 
uraninite from pegmatites genetically related 
to the Bethlehem gneiss in the Cardigan quad- 
rangle was found to be of Devonian age (Shaub, 
1938, p. 339). 

The age relations between the Bethlehem 
gneiss and the Kinsman quartz monzonite are 
not clear because these two members have not 
been observed in contact. However, the Beth- 
lehem gneiss is slightly more deformed than 
the Kinsman quartz monzonite and is therefore 
probably older. 


MINERALOGY 
General Statement 


Many detailed studies of the minerals occur- 
ring in western New Hampshire have been 
made in recent years. The following discussion 
is mainly limited to new data on the occurrence 
and properties of these minerals. 


Potash Feldspar 


Orthoclase and orthoclase-microperthite oc- 
cur as large porphyroblasts in the metamor- 
phosed argillaceous rocks in the high-intensity 
portion of the high-grade zone (Fig. 8). Micro- 
cline is common in the lime-silicate rocks and is 
a minor constituent of the impure quartzites. 
These rocks crop out in the vicinity of Marlow 
Hill in the low-intensity portion of the high- 
grade zone. In the plutonic rocks, the potash 
feldspar is microcline and microcline-micro- 
perthite. 


An analysis of orthoclase-microperthite 
which occurs as porphyroblasts in paragneiss 
(Specimen LM6) is given in Table 9, column 1. 
Significant data could not be obtained for the 
soda feldspar component because the lamellae 
were extremely small. The following optical 
data refer to the aggregate effect of the two 
feldspar components: 


a = 1.521 (—)2V = 70° 
8 = 1.525 Z=b 
¥ = 1.527 X/Aa =7° 


The chemical formula for the orthoclase- 
microperthite is as follows: 


(K° 21C 1 Ba? Al 1. 10Si2 9308 


The molecular composition in weight per 
cent is: . 

An analysis of microcline-microperthite 
which occurs as phenocrysts in the Kinsman 
quartz monzonite (Specimen LM3A) is given 
in Table 9, column 2. In this specimen the 
microperthitic structure is also very fine. The 
following optical data, therefore, refer to the 
aggregate effect of the two feldspar components: 


a = 1.520 (—)2V = 80° 
8 = 1.523 Extinction on (010) = 6° 
y = 1.525 Extinction on (001) = 13° 


The chemical formula may be written: 


The molecular composition in weight per 
cent is: 

The microcline-microperthite is fairly low 
in soda, but is only slightly less sodic than the 
average potash feldspar from the granodiorites 
of southern California (Larsen, 1948, p. 160). 
Compared to the orthoclase-microperthite 
from the paragneiss (LM6), the microcline- 
microperthite is poorer in soda. This is probably 
due to differences in the amount of soda avail- 
able for the potash feldspar, although dif- 
ferences in temperature and pressure may have 
had some effect. 


Plagioclase 


The composition of the plagioclase was deter- 
mined from the value of the 8 index of refrac- 
tion. The plagioclase in all rocks, except the 
lime-silicate granulites and the hydrothermally 
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TABLE 9.—CHEMICAL ANALYSES OF MINERALS 
FROM THE LOVEWELL MOUNTAIN QUADRANGLE 


1 2 3 4 
63.90'63.94/35.34| 36.97/46.87/47.33 
AbkO;..... 21.66)32.57/32.59 
Fe,0; 0.79} 0.77) 0.15) 0.15 
0.09) 0.06115 45] 33.68] 8.09 8.49 
Mn0O..... 0.00} 0.00) 0.03} 0.98) 0.06) 0.06 
0.08) 0.18) 9.05} 4.48) 7.69) 8.07 
0.16) 0.36) 0.10} 1.13} 0.09) 0.09 
2.38) 1.64) 0.27) 0.10) 0.51) 0.53 
12.61/13.48) 9.15) 0.08) 0.93) 0.48 
.... 0.12) 0.30} 3.21) 0.08) 1.97) 1.88 
n.d. | n.d.| 0.17} n.d. | 0.19} 0.20 
0.00) 0.04) 3.28) 0.31) 0.02) 0.02 
n.d. | n.d. | 0.03} n.d. | 0.05) 0.05 
n.d.| n.d.| 0.71) nd.| n.d.| nd 
n.d. | n.d.| 0.10} nd.| od 
0.36) 0.39) nd.| nd.} nd 
Less O for 

F — 0.30} — —-|- 
100. 16/99. 87/99. 48/100. 24/99. 19/99.94 
2.55) 2.55} 3.06} 4.10) 2.63) — 


1. Orthoclase-microperthite from porphyroblastic 
orthoclase gneiss (LM6), 0.1 mile south of 
the junction of Highways 10 and 123 in 
Marlow. F. A. Gonyer, analyst. 

2. Microcline-microperthite, phenocrysts in Kins- 
man quartz monzonite (LM3A), Franklin 
Pierce Highway 300 feet north of B. M. 1285, 
Stoddard, N.H. F.A. Gonyer, analyst. 

3. Biotite from Kinsman quartz monzonite 
(LM1), Forest Road 300 feet east of Nelson- 
Antrim town-line. L.C. Peck, analyst. 

4. Garnet from Kinsman quartz monzonite (LM1), 


Forest Road 300 feet east of Nelson-Antrim 


town-line. L.C. Peck, analyst. 

5. Cordierite from Kinsman quartz monzonite 
(LM3A), Franklin Pierce Highway 300 feet 
north of B. M. 1285, Stoddard, N.H. L.C. 
Peck, analyst. 

5A. Same as 5, recalculated after subtracting 4 
per cent sericite. 


altered rocks, is surprisingly uniform, either 
calcic oligoclase or sodic andesine. In the schists 
and paragneisses, the composition of the plagio- 
clase ranges from Anz; to Anj;z and averages 
Ansys . The plagioclase in the lime-silicate granu- 
lites and associated rocks is very calcic (Ang7 
to Amng:). The plagioclase in the Bethlehem 


gneiss ranges from Anz; to Ans and averages 
Anz ; in the Kinsman quartz monzonite the 
range is from Ang to Ang; and the average is 
Any. 

The average plagioclase in the middle-grade 
schists of the Bellows Falls quadrangle is calcic 
oligoclase (Anz7) (Kruger, 1946, p. 199) and is 
thus similar to the plagioclase in the high-grade 
schists and paragneisses of the Lovewell Moun- 
tain quadrangle. This suggests that plagioclase 
does not become appreciably more calcic with 
increasing metamorphism. 


Amphibole 


Amphibole occurs in the lime-silicate granu- 
lites and amphibolites in the Hubbard Hill 
member. The amphibole in the lime-silicate 
granulites has a 6 index of 1.637 and according 
to Winchell’s curves (1933, p. 246) it is actino- 
lite with approximately 75 per cent of the 
tremolite molecule. The amphibole in the am- 
phibolites has an average @ index of 1.670 and 
complete optical data indicate that it is prob- 
ably common hornblende. 


Pyroxene 


Pyroxene occurs only in the lime-silicate 
granulites. The 8 index of the pyroxene in all 
specimens is close to 1.690. According to Win- 
chell’s curves (1933, p. 226), the pyroxene is 
diopside-hedenbergite with approximately 25 
per cent of the hedenbergite molecule. 


Muscovite 


Muscovite occurs in the schists and para- 
gneisses except in the west-central part of the 
area where orthoclase is present. Much of the 
muscovite is late and lies across the foliation. 
In the plutonic rocks, it is difficult to determine 
what proportion of the muscovite is secondary. 
The muscovite that is pseudomorphic after 
microcline in the Kinsman quartz monzonite is 
obviously secondary; yet this muscovite occurs 
in large flakes similar to those in the ground- 
mass. It is therefore possible that much of the 
muscovite in the groundmass is also secondary. 
The 8 index of the muscovite is very close to 
1.598 in all rocks. From the rock analysis of 
Specimen LM358 (Table 15, column 3), it is 
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estimated that the muscovite contains about 2 
per cent soda. The analyzed muscovite reported 
by Barth (1936, p. 780) also contains an ap- 
preciable amount of soda and is similar in 
optical properties to the muscovite from the 
Lovewell Mountain quadrangle. 


Biotite 
Biotite is common in nearly all the meta- 
morphic and plutonic rocks. An analysis of 
biotite from the garnetiferous phase of the 
Kinsman quartz monzonite (LM1) is given in 
Table 9, column 3. The optical properties of this 
biotite are as follows: 


a= 1.595 2V = 2° — 7°; negative 

6 =1.650 X = light yellowish brown 

y = 1.650 Y= Z = dark reddish brown 
X<Y=Z 


The chemical formula for the biotite is: 


Ko.9(Fe!*Mg! “Al? 0010 
(OH" 


According to Winchell’s classification (Win- 
chell, 1933, p. 267), the biotite contains 45 per 
cent siderophyllite, 40 per cent eastonite, 8 per 
cent annite, and 7 per cent phlogopite. The 
refractive indices of the biotite are somewhat 
higher than those given by Winchell (1933, p. 
274) for biotite of this composition. 

In the Kinsman quartz monzonite and the 
Bethlehem gneiss the values for the 6 index of 
the biotite generally range from 1.645 to 1.653 
and average 1.647. The composition of the 
biotite in most of the plutonic rocks is therefore 
probably similar to that of the analyzed biotite. 

The values for the 8 index of biotite in all 
the metasedimentary rocks except those associ- 
ated with the lime-silicate granulites range 
from 1.635 to 1.650 and average 1.640. The 
biotite in these rocks apparently has a higher 
magnesium-iron ratio than the biotite in the 
plutonic rocks. The 8 index of the biotite in 
the schists interbedded with lime-silicate rocks 
averages 1.625. The phlogopite-eastonite mole- 
cules probably comprise 60 per cent of this 
biotite (Winchell, 1933, p. 274). 


Garnet 


Garnets are common in nearly all of the meta- 
sedimentary rocks except the pyritiferous 


gneisses. Apparently insufficient iron was avail- 
able for the formation of garnet in most of the 
pyritiferous gneisses because of the large pro- 
portion of iron held in pyrite. Garnet is rare in 
the Bethlehem gneiss and in the Kinsman 
quartz monzonite in the western part of the 
area; however garnet comprises 1-5 per cent of 
the Kinsman quartz monzonite in the eastern 
two-thirds of the area. An analysis of garnet 
from the Kinsman quartz monzonite is given in 
Table 9, column 4. The physical properties of 
this garnet are as follows: 

Refractive index = 1.803 

Specific gravity = 4.10 

Size of unit cell, a = 11.50 A. 
The chemical formula of the garnet is: 


The molecular composition in weight per cent 
is: 


Per cent 
2 


In all of the rocks except the schists inter- 
bedded with lime-silicate granulites, the values 
for the refractive indices of the garnets range 
from 1.801 to 1.808 and average 1.805. The 
garnets in the metasedimentary rocks were 
small and contained many inclusions so that it 
was difficult to measure their specific gravities. 
Carefully selected garnet from one of the 
biotite gneisses was found to have a specific 
gravity of 4.12. The length of the edge of the 
unit cell was 11.50 A. Apparently the com- 
position of the garnets in most of the metasedi- 
mentary rocks is similar to that of the analyzed 
garnet in the Kinsman quartz monzonite. The 
garnets in the biotite schists interbedded with 
lime-silicate rocks have an average index of 
1.788 and are therefore probably richer in the 
pyrope and grossularite molecules. 


Cordieritie 


Cordierite has been observed in only two 
specimens of the metasedimentary rocks (Table 
5, columns 1 and 9). It comprises 2 per cent or 
less of the rock and is highly altered to green 
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mica (probably magnesium-rich biotite) and 
light-brown isotropic matrial. Cordierite is 
fairly common in the Kinsman quartz mon- 


TaBLE 10.—OprTIcALLY 


per cent sericite and correcting to 100 per cent 
the calculated composition of the pure cordierite 
given in column 5A was obtained. 


CORDIERITES 


1 2 4 5 6 7 

REST eI 48.37 50.15 50.09 48.19 47.96 47.69 47.33 
RD RT ee 29.22 33.07 31.78 33.45 31.56 32.52 32.59 
2.20 1.52 0.78 0.55 1.03 0.63 0.15 
7.07 2.22 8.71 8.40 3.24 8.04 8.49 
cron} wakacaed 0.42 0.12 0.00 0.18 1.09 0.04 0.06 
9.54 11.01 6.69 7.95 12.16 7.56 8.07 
1.92 0.29 0.00 0.17 0.00 0.52 0.09 
n.d 0.14 0.00 0.22 0.33 0.53 0.53 
Py Ses ee n.d 0.08 0.07 0.02 tr 0.42 0.48 
1.84 1.37 1.43 0.67 2.80 1.85 1.88 
n.d 0.09 n.d. 0.01 n.d 0.55 0.20 
ee ae n.d 0.38 0.00 0.01 0.00 tr 0.02 
n.d n.d n.d. n.d n.d n.d 0.05 

100.58 100.44 99.55 99.82 100.17 100.35 99.94 
2.598 2.588 2.650 2.631 2.64 2.63 
1.527 1.543 1.544 1.534 1.538 1.543 
1.532 1.548 1.550 1.542 1.549 
1.538 1.553 1.556 1.543 1.547 1.555 
85°-99° 88° 88° °-99° 76° 84° 80° 


1. From cordierite gneiss, India (Krishman, 1924) M. S. Krishman, analyst. 

2. From anthophyllite gneiss, Attu (Pehrman, 1932) G. Pehrman, analyst. 

3. From veined gneiss, Illmajoki (Pehrman, 1932) G. Pehrman, analyst. 

4. From gneiss, Great Slave Lake area (Folinsbee, 1941b) R. E. Folinsbee, analyst. 

5. From gneiss, Antarctica (Tilley, 1940) A. P. White, analyst. 

6. From argillaceous hornfels, Belhelvie (Stewart, 1942) F. H. Stewart, analyst. 

7. From Kinsman quartz monzonite, Lovewell Mountain quadrangle. Corrected analysis of cordierite 
after subtracting 4 per cent sericite. L. C. Peck, analyst. 


zonite near the western contact of the Bacon . 


Ledge pluton between South Stoddard and 
Camp Merriewoode. Conant (1935) has de- 
scribed cordierite from this area, but no de- 
tailed optical or chemical studies have been 
made. Cordierite generally comprises 3-7 per 
cent of the Kinsman quartz monzonite in this 
zone and is moderately to highly altered to 
sericite (pinite). Some of the sericite occurs as 
fine shreds in the cordierite so that an entirely 
uncontaminated sample could not be obtained 
for chemical analysis. The analyzed cordierite 
which contained about 4 per cent sericite is 
given in Table 9, column 5. By subtracting 4 


The optical properties of the analyzed cor- 
dierite are as follows: 
a = 1.543 2V = 80° 
8B = 1.549 positive 
y = 1.555 


The chemical formula for the cordierite may 
be written: 
(Mg! 9: Als osSis.97Oi8 
This cordierite is unusual because it is op- 
tically positive. Thirteen occurrences of opti- 


cally positive cordierite have been reported but 
only six complete analyses of optically positive 
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cordierite are available (Table 10). The range 
in composition of these cordierites is about the 
same as for optically negative cordierites. The 
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-0.4 0.0 0.4 0.8 2 1.6 2.0 
Weight per cont "0 - CeO 


FicurRE 4.—RELATION BETWEEN AXIAL ANGLE AND 
K.0 + — CaO For CorpIERITE 


Curve given by Folinsbee (1941b) based on points 
shown by dots. Crosses represent the cordierites 
which have been analyzed since Folinsbee’s study. 
Numbers are the same as in Table 10. 


most recent attempt to correlate the size of the 
axial angle of cordierite with chemical composi- 
tion was made by Folinsbee (1941b). He ob- 
tained the curve given in Figure 4 by plotting 
axial angle against KZ0 + Na:O — CaO. The 
three crosses representing the cordierites which 
have been analyzed since Folinsbee’s study fall 
far from his curve. The writer agrees with 
Stewart (1942) that sufficient data are not 
available to determine the relation between 
axial angle and chemical composition of cor- 
dierite. As in the case of the potash feldspars, 
it is barely possible that the thermal history of 
cordierite may have had some influence on the 
size of the axial angle. 


Distribution of Constituents in Garnet, Biotite, 
and Cordierite 


The analyzed garnet, biotite, and cordierite 
(shown by crosses in Figure 5) from the Kins- 
man quartz monzonite have been plotted 
against molecular per cent FeO, MgO, and 
Al,0;. Although the analyzed biotite and garnet 
were not obtained from a cordierite-bearing 
specimen, the optical properties of the biotite 
and garnet indicate that the composition of 
these minerals is the same as that of the garnet 
and biotite in the cordierite-bearing rocks. For 


comparison, the garnet, biotite, and cordierite 
from a hornfels from Belhelvie (Stewart, 1942) 
and garnet and cordierite from a gneiss from the 


uso 


Ficure 5.—DistripuTion oF FeO, MgO, AND 
Al,O; GARNET, BIOTITE AND CORDIERITE 
Crosses = minerals from the Kinsman quartz 
monzonite, Lovewell Mountain quadrangle; dots 
= minerals from hornfels, Belhelvie (Stewart, 
1942); open circles = minerals from gneiss, Great 
Slave Lake (Folinsbee, 1941a). 


TaBLE oF MnO anv TiQ, IN 
GARNET, BIOTITE, AND CORDIERITE 


Garnet Biotite Cordierite 
1. 0.98 0.03 0.06 
Mn042. 1.81 0.02 0.04 
3. 0.66 _ 0.18 
1. 0.31 3.28 0.02 
TiO. 2. 0.51 §.12 tr 
3. 0.03 _ 0.01 


1. Kinsman quartz monzonite, Lovewell Moun- 
tain quadrangle. 

2. Hornfels, Belhelvie (Stewart, 1942). 

3. Gneiss, Great Slave Lake area (Folinsbee, 
1941a). 


Great Slave Lake area (Folinsbee, 1941a) are 
plotted in Figure 5. The selective distribution of 
FeO, MgO, and Al.O; in the minerals in these 
rocks is about the same. The garnets are very 
rich in iron oxide, the cordierites are rich in mag- 
nesia, and the biotites contain nearly equal 
amounts of iron oxide and magnesia. It is also to 
be noted that although the biotites and garnets 
carry about the same amount of alumina, the 
cordierites are much richer in alumina. The dis- 
tribution of MnO and TiO; is given in Table 11. 
The MnO is largely concentrated in the garnets 
and most of the TiO: occurs in the biotites. 
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Heavy Minerals 


A study of the heavy minerals from the meta- 
sedimentary and plutonic rocks was undertaken 
in the hope that systematic differences between 


TaBLe 12.—HEAvy MINERALS FROM METASEDIMENTARY AND PLUTONIC Rocks IN WEIGHT PER CENT 


of the tiny grains in the biotite may easily have 
been overlooked. In the paragneisses, on the 
other hand, the apatite occurs in relatively 
large crystals and could be readily separated. 


or SAMPLE 


Metasedimentary Rocks Plutonic Rocks 
1 2 4 5 6 7 8 

12. 27 31 14 17 16. 19 8 
0.3 0.8 6 2 0.05 0.3 0.4 
0.0 1 4 tr 0.03 0.0 0.03 
retiree ere 0.0 tr 0.4 0.01 0.0 tr 0.0 0.0 
ae ee are 0.02 0.5 0.0 0.0 tr 0.0 0.0 0.0 
0.0 0.0 0.0 0.0 0.1 0.0 0.0 
RSS eee 0.03 0.05 0.8 0.1 0.2 0.1 0.03 0.03 
0.002 | 0.008 | 0.004; 0.008; 0.003 0.05 0.01 0.02 
0.002 | 0.002; 0.0 0.004 | 0.005 0.02 0.002 | 0.009 
Ee 0.0 0.005 tr 0.02 0.04 0.1 0.0 0.04 
ee ey 0.06 0.07 1 0.5 0.1 1 0.03 0.1 
0.0 0.0 0.0 2. 0.05 0.1 0.0 0.0 
Unidentified opaques....... 0.3 0.3 0.5 0.2 0.2 0.3 0.2 0.3 
Maximum length of zircon 

MM 3s iets: 0.1 0.2 0.06 0.07 0.2 0.3 0.2 0.3 
Maximum ratio of length 

to thickness of zircon....} 2:1 6:1 2:4 asi 10:1 6:1 733 6:1 


Littleton formation, middle-grade zone, Keene area. 


1. Mica schist (average of 2 specimens). 


Littleton formation, high-grade zone, Lovewell Mountain quadrangle. 
2. Mica-quartz schist, Hubbard Hill member (average of 2 specimens). 


3. Biotite gneiss, Dakin Hill member. 


4. Pyritiferous gneiss, Dakin Hill member (average of 2 specimens). 


Plutonic Rocks. 
5. Bethlehem gneiss. 


6. Kinsman quartz monzonite, Bacon Ledge pluton (average of 3 specimens). 


7. Kinsman quartz monzonite, small pod in schist. 


8. Granodiorite from late dikes (average of 2 specimens). 


the mineral assemblages in the two types of 
rock might be found and perhaps furnish data 
on the origin of these rocks. Heavy minerals 
were separated by heavy liquids and magnets 
from 14 specimens. The distribution of the 
minerals in weight per cent of the bulk sample 
is given in Table 12. Although the same heavy 
minerals are found in all rocks, zircon, mona- 
zite, and sphene are slightly more abundant in 
the plutonic rocks. The percentage of apatite 
reported in the plutonic rocks and schists is 
probably lower than it should be because some 


Sufficient phosphorus was available in most 
of the rocks for the formation of both mona- 
zite and apatite. The monazite is pale yellowish 
green and has a @ index of 1.795. The w index 
of the apatite is 1.632, indicating that it is 
probably fluorapatite. Tiny zircon inclusions 
are common in the apatite. 

The zircon is colorless and its refractive in- 
dices are the same in all rocks (w = 1.915 —- 
1.918). The zircons in the metasedimentary 
rocks are stubby, but have apparently recrys- 
tallized even in the middle-grade schists be- 
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cause they are euhedral and show no signs of 
rounding. The zircons in the plutonic rocks are 
larger and much more elongate. In the Kins- 
man quartz monzonite, the cores of some of the 
zircons have a “dusty” appearance, whereas the 
outer portions are clear. This may be due to zonal 
crystallization or to growth around detrital 
grains. One possibility is that these grains were 
derived from schist inclusions. However, if the 
Kinsman has formed by partial solution of pre- 
existing sediments, the zircons, in part, may be 
relics of these rocks. 

From this study no significant differences be- 
tween the heavy mineral assemblages in the 
various types of rocks were found except for 
the slightly larger amount of zircon, sphene, 
and monazite in the plutonic rocks. 


STRUCTURAL FEATURES 


General Statement 


In the Lovewell Mountain quadrangle, 
folded metamorphosed sediments have been 
intruded by three members of the New Hamp- 
shire magma series. Northeasterly and northerly 
strikes are characteristic and dips are generally 
steep southeasterly or easterly except in the 
northwestern part of the area where dips are 
gentle easterly (Pl. 4). For purposes of descrip- 
tion, the structure of the metasedimentary and 
plutonic rocks will be considered separately. 


Metasedimentary Rocks 


General Statement—The metasedimentary 
rocks occur in fairly regular belts trending 
north-northeast in the northern part of the area 
and approximately north-south in the southern 
portion. The strata are on the east limb of a 
large anticline the axis of which is in the Bel- 
lows Falls quadrangle to the west; the axis of 
the syncline may be in the eastern part of the 
Lovewell Mountain quadrangle or in the area to 
the east. Inasmuch as the structural features of 
the various members of the Littleton formation 
are somewhat different, the individual mem- 
bers will be considered separately. 

Hubbard Hill member—The Hubbard Hill 
member forms the most westerly belt of meta- 
sedimentary rocks in the area. The Bethlehem 


gneiss has been emplaced within the northern 
portion of this member. The schists below the 
Bethlehem strike nearly north-south and dip 
very gently to the east. The schists above the 
Bethlehem strike consistently N30°E and 
dip 55° to 80° SE. In the west-central part of 
the area, the Kinsman quartz monzonite cuts 
across the Hubbard Hill member, and the 
schists assume an east-west strike. The schists 
in the southwestern part of the quadrangle 
strike north-northwest and dip 55° to 75° NE. 

Major folding in the Hubbard Hill member 
has apparently been unimportant. The lime- 
silicate granulites and interbedded quartz 
conglomerates have a simple outcrop pattern 
(Pl. 1), and the fact that they are exposed in 
only one belt indicates that there is no signif- 
icant repetition of beds due to folding or 
faulting. Reliable data on drag folds could not 
be obtained in all portions of the Hubbard Hill 
member because of poor exposure or the vague- 
ness of bedding. In the vicinity of Marlow Hill, 
however, it was possible to measure the drag 
folds at 17 outcrops. These data indicate that 
about 5 per cent of the beds face west and are 
consequently overturned. 

Minor folds with wave lengths ranging from 
a few inches to several feet are common (Pl. 
3, fig. 1 and 2). The axial planes of the folds are 
generally parallel to the schistosity and the axes 
are parallel to the other linear features in the 
schists. Contorted quartz veins are conspicuous 
in some places. The veins were emplaced in the 
later stages of deformation because they cut 
across the larger folds in the schists. The fact 
that the folds displayed by these quartz veins 
have the same attitude as the earlier folds in the 
schists indicates that the direction in which the 
forces acted was constant during these periods 
of deformation. The veins are commonly highly 
contorted in the beds of micaceous sillimanite 
schist (Pl. 3, fig. 3). and are little deformed in 
the beds of mica-quartz schist. Apparently the 
arenaceous beds were considerably more com- 
petent than the argillaceous beds. 

Schistosity is well-developed throughout the 
Hubbard Hill member except in beds that are 
deficient in micaceous minerals. The most prom- 
inent schistosity is of the axial plane type. 
Because most folds are isoclinal, this schistosity 
is parallel to bedding except at the noses of 
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folds. Schistosites of both the axial plane and 
bedding type may be observed at the noses of 
some folds. The bedding schistosity, which is 
weakly developed, apparently formed before the 
period of tight folding and was not completely 
obliterated during the formation of the axial 
plane schistosity. 

A cleavage banding has developed in some of 
the thin-bedded sillimanite schists at the noses 
of folds. The banding is parallel to the axial 
planes of the folds and consists of alternating 
5 mm. layers of fine-grained arenaceous 
material and coarse micaceous material. The 
banding apparently results from flow of material 
from the beds of mica-quartz schist into the 
beds of sillimanite schist along the planes of 
schistosity. 

In the Hubbard Hill member, lineation is 
expressed by the parallelism of prismatic min- 
erals, streaks of minerals, elongated pebbles, 
and crinkles. The linear features apparently 
have a common origin because they are parallel 
to one another over fairly large areas. They are 
also generally parallel to the axes of the folds. 
In the schists east of the Bethlehem gneiss, the 
lineation plunges steeply southeast (Pl. 4). 
The lineation in the beds west of the Bethlehem 
plunges gently northeast. In the southwestern 
part of the area, the lineation plunges 40° to 
65° northeast. 

The stretched pebbles in the quartz con- 
glomerates form the most striking linear feature 
(Pl. 3, fig. 4). The longest and intermediate 
axes of the pebbles lie in the plane of schistosity, 
whereas the shortest axis is perpendicular to 
the schistosity. The pebbles are elongated paral- 
lel to the axes of the minor folds. The average 
axial ratios of the pebbles are 1:2:8, but they 
range from 1:2:4 to 1:3:16. On the basis of the 
average axial ratios, the extension along the 
long axes of the pebbles is approximately 200 
per cent. 

May Pond member —The May Pond member 
lies stratigraphically above the Hubbard Hill 
member. A tabular body of Kinsman quartz 
monzonite separates the two members in the 
northern half of the quadrangle. The May Pond 
member is composed of fairly well-banded 
paragneisses which show few traces of bedding. 
Wherever preserved, bedding is parallel to the 
foliation and the banding in the gneiss. The 


northern portion of this member strikes fairly 
uniformly N 30° E, but toward the south the 
strike is nearly east-west. Although the gneisses 
generally dip steeply to the east, in the vicinity 
of Moose and Whittemore Hills in the south- 
western part of Marlow they have an average 
dip of 75° NW. Drag folds indicate that these 
beds face southeast and are thus overturned 
toward the southeast. This interpretation is in 
harmony with the theory that the younger 
members of the Littleton formation lie to the 
east. 

It is difficult to determine the intensity of 
deformation in the May Pond member because 
horizon markers are lacking and bedding is 
obscure in most places. Generally the foliation 
is highly contorted and porphyroblasts of feld- 
spar are drawn out into augen. The folds are 
normally small with wave lengths ranging from 
a few millimeters to several centimeters. The 
lack of cataclastic textures indicates that re- 
crystallization accompanied or followed de- 
formation. 

Dakin Hill member —The Dakin Hill mem- 
ber, which lies stratigraphically above the 
May Pond member, is composed of rather 
massive paragneisses which show practically no 
trace of bedding. Foliation is poorly developed, 
but its attitude is moderately uniform over large 
areas. In the southern portion of this member, 
the foliation strikes approximately north-south 
and dips steeply to the east or west. In the 
north, the strike is north-northeast and the dip 
ranges from 50° SE to vertical and averages 
70° SE. The folding shown on Plate 1 is neces- 


sarily diagramatic. 


Bethlehem Gneiss 


Mt. Clough pluton—The Mt. Clough pluton, 
named from the type locality in the Moosilauke 
quadrangle (Billings, 1937), is a large tabular 
mass of Bethlehem gneiss approximately 80 
miles long and half a mile to 7 miles wide. The 
southern extremity of the body is exposed in 
the northwestern part of the Lovewell Moun- 
tain quadrangle and the northeastern part of 
the Bellows Falls quadrangle. The body is 6 
miles wide at the northern boundaries of these 
quadrangles and 6 miles to the south in the 
Lovewell Mountain quadrangle tapers to a 
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point. The eastern contact is relatively straight 
and on the average strikes north-northeast and 
dips 40°-70° SE. The western contact is more 
sinuous and trends approximately north-south 


however, near the eastern contact the dip is 
40°-70°E and in the northwestern part of the 
area some of the dips are to the west. Slab-like 
inclusions in various degrees of digestion are 


TABLE 13.—ATTITUDE OF THE OBSERVED CONTACTS BETWEEN THE BETHLEHEM GNEISS AND SCHIST 


Strike Dip 
ft. ft. 
Western (lower) contact 
200 ft. S60° W of the summit of 
Gates Mountain N30° W 13° NE 10 6 
1200 ft. S38° E of the summit of 
Gates Mountain N10° E 13° SE 8 1 
2150 ft. S40° E of the summit of 
Gates Mountain NiS° W 15° NE 20 2 
2300 ft. S37° E of the summit of 
Gates Mountain N15° E 15° SE 10 5 
2650 ft. S35°E of the summit of 
Gates Mountain N27°E 27° SE 15 3 
Eastern (upper) contact 
Road cut 1900 ft. south of Marlow 
Jct. N35° E 58° SE 2 3 
3575 ft. S72° W of Pollards Hill N28° E 42° SE 6 i 


and dips 10°-30°E. The irregular course of the 
contact on Gates Mountain is due to the effects 
of topography on a gently dipping contact. 
The attitudes of the contacts as observed at 
seven localities are given in Table 13. The fact 
that the contacts of the Bethlehem gneiss 
appear to be approximately parallel to the 
bedding in the adjacent schists suggests that 
the body is concordant. The western contact of 
the body, however, is actually cross-cutting on 
a large scale. The base of the Mt. Clough pluton 
near its southern extremity is about 5000 feet 
above the Clough formation. Ten miles to the 
north, in the Claremont quadrangle, Chapman 
(1942, p. 914) found that the lower contact of 
the pluton was at the base of the Clough forma- 
tion. Thus in the southern portion of the Mt. 
Clough pluton the cross-cutting relations are 
pronounced when considered over a distance of 
several miles. 

The foliation in the Bethlehem gneiss is well- 
developed near the margins and is vague in the 
central part of the pluton. The strike of the 
foliation ranges from N 30° W to N 30° E and 
the dip generally ranges from 10° to 30° E; 


without exception parallel to the foliation. The 
fact that the foliation is sheared and the shears 
are filled with pegmatitic material which grades 
into the groundmass of the gneiss suggests that 
the foliation is primary. Later movements ap- 
parently took place along the foliation planes 
because quartz aggregates and feldspar pheno- 
crysts are granulated and drawn out into augen 
parallel to the foliation. Cross-cutting pegma- 
tites are also sheared along planes parallel to 
the foliation in the gneiss. 

Lineation expressed by the alignment of 
biotite flakes and drawn out inclusions is well- 
developed near the eastern contact and is vague 
in other parts of the body. The lineation plunges 
20° to 35° SSE near the contact, but decreases 
to approximately 10° SSE a mile from the 
contact (Pl. 4). The attitude of the lineation in 
the Bethlehem gneiss near the contact is ap- 
proximately the same as in the adjacent schists. 
The lineation in the schists is parallel to the 
axes of the folds and its attitude is fairly con- 
stant for several miles from the contact of the 
gneiss. Inasmuch as the lineation in the schists 
is apparently the result of regional forces, the 
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lineation in the Bethlehem gneiss is probaby 
secondary and related to these forces rather 
than to magmatic movement. 

Minor bodies of Bethlehem gneiss——A small 
concordant body of Bethlehem gneiss, half a 
mile long and 400 feet wide, is exposed along 
the Gilsum-Sullivan town line in the south- 
western part of the area. The exposure of 
Bethlehem gneiss west of Wright Hill in Gilsum 
forms the southeastern prong of a body that 
extends for 1 mile into the Bellows Falls quad- 
rangle (Fig. 3). Although the contacts of this 
body are irregular, no cross-cutting relations 
were observed. The sinuosities of the contact 
are apparently due to interfingering of the 
Bethlehem gneiss and schist and to later 
folding. 

The stratigraphic position of the bodies of 
Bethlehem gneiss in Gilsum suggests that they 
may be a part of the same sheet that formed the 
Mt. Clough pluton. If the projected horizon of 
the Mt. Clough pluton rises in the stratigraphy 
towards the south at the same rate as it does 
in the northwestern part of the area, the horizon 
would lie close to the bodies of Bethlehem gneiss 
in Gilsum. Thus these bodies may join the Mt. 
Clough pluton at depth or they may represent 
detached lenses of a once continuous sheet. 


Kinsman Quartz Monszonite 


Bacon Ledge pluton.—The western portion of 
the Bacon Ledge pluton is exposed in the east- 
ern third of the Lovewell Mountain quadrangle. 
This is probably the largest body of Kinsman 
quartz monzonite in New Hampshire. It extends 
southward for 7 miles into the Monadnock 
quadrangle, eastward for at least 8 miles into 
the Hillsboro quadrangle, and northward for 
several tens of miles, probably into the Cardi- 
gan quadrangle. 

In the Lovewell Mountain quadrangle, the 
general trend of the western contact is north- 
south and the dip ranges from 75°E to vertical. 
In the southern part of the area, the contact was 
observed at four localities and is parallel to the 
foliation in the adjacent paragneisses. In the 
northern part of the area, the actual contact 
was not observed, but data obtained near the 
contact indicates moderate interfingering of 
the Kinsman quartz monzonite and the para- 


gneiss. The extension of the Kinsman into the 
metamorphic rocks near the village of Stoddard 
is apparently due to folding. Here the Kinsman 
quartz monzonite wraps around the nose of a 
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FicureE 6.—COoONTACT BETWEEN INCLUSION OF 
ScHist AND KinsMAN Quartz MONZONITE 


Pitcher Mountain, Stoddard. s = schist; kqm 
= Kinsman quartz monzonite. 


northward-plunging anticline that has a core of 
paragneiss. The contacts, which were observed 
at five localities, are generally concordant and 
nearly vertical on the flanks of the anticline, 
but dip 55°N on the nose of the anticline 
(Pl. 4). 

Detailed studies at favorable exposures indi- 
cated that the contacts are partly concord- 
ant and partly discordant. In some places, the 
Kinsman quartz monzonite is parallel to the 
foliation in the metasedimentary rocks; in 
other places it cuts across the structure (Fig. 6). 

A planar structure represented by the parallel 
orientation of microcline phenocrysts and slab- 
like inclusions is fairly well-developed through- 
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out the pluton. Foliation due to alignment of 
biotite flakes is generally lacking. The fact that 
the large feldspar crystals are rigorously parallel 
to one another in many places and yet show no 
signs of deformation indicates that the pheno- 
crysts were aligned during the flow stage. In 
the southeastern part of the area, the planar 
structures strike approximately north-south 
and most of the dips range from 75°E to verti- 
cal. In the central and northern portions of the 
pluton, dips as low as 20° east or west are not 
uncommon (Pl. 4). In this area, the planar 
features probably were subjected to later 
folding. 

No distinct lineation was observed in the 
Kinsman quartz monzonite. The elongation of 
the feldspar phenocrysts is so slight that the 
attitude of their long axes could be determined 
only at the most favorable exposures. At these 
places, there appeared to be no preferred linear 
orientation. 

Inclusions are most numerous along the con- 
tacts, especially where the trend of the contact 
is irregular. However, the largest inclusion, 
which is south of Goodhue Hill in Hancock, is 
several miles from any known contact. This 
inclusion contains beds of schist, quartzite, and 
lime-silicate granulite which are lithologically 
similar to the metasedimentary rocks in the 
Hubbard Hill member. 

Huntley Mountain pluton—The Huntley 
Mountain pluton lies in the northwestern por- 
tion of the quadrangle. It is a large tabular body 
with a minimum length of 14 miles and an 
average width of 14 miles. The body trends 
north-northeast in the northern portion of the 
quadrangle and east-west in the west-central 
part of the area. It extends into the Bellows 
Falls quadrangle for 2 miles (Fig. 3) and into 
the Sunapee quadrangle for an unknown dis- 
tance. 

The contacts are concordant except in the 
southern portion of the body where the Kins- 
man quartz monzonite commonly truncates the 
bedding in the schist (Fig. 7). In this part of 
the pluton, cross-cutting relationships on a 
large scale are also pronounced. Near Lake 
Warren in the Bellows Falls quadrangle the 
lower contact of the body is about 4000 feet 
above the base of the Littleton formation; 4 
miles to the northeast, at Bald Hill in the 


Lovewell Mountain quadrangle, it is 10,000 
feet above the base of the Littleton formation. 

Angular inclusions are more common in this 
body than in the Bacon Ledge pluton. Possibly 
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Ficure 7.—Cross-CuTrinG STRINGER OF KINSMAN 
QuaARTZ MONZONITE 


Half a mile north of Tinker Pond, Marlow. 
s = schist; kgm = Kinsman quartz monzonite. 


the rocks adjacent to the Huntley Mountain 
pluton were more brittle at the time of emplace- 
ment than were those next to the Bacon Ledge 
pluton. In the southern portion of the Huntley 
Mountain pluton, schist and quartz monzonite 
occur in nearly equal amounts along some of 
the contacts. In this area it is difficult to deter- 
mine whether one is dealing with schist inclu- 
sions in the pluton or isolated masses of quartz 
monzonite in the schist. 

Planar structures, represented by the paral- 
lelism of biotite flakes, feldspar phenocrysts, 
and slab-like inclusions, are well-developed 
except in the small apophyses which extend into 
the surrounding rocks. In the southern portion 
of the Huntley Mountain pluton, the foliation 
is evidently primary, because it wraps around 
the larger wedge-shaped inclusions. Primary 
movements were also important in the northern 
portion of the pluton because undeformed phen- 
ocrysts of feldspar show a marked parallelism. 
However, later movements apparently took 
place in this area, because a secondary folia- 
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tion, parallel to the planar structures in the 
Kinsman, is conspicuous in many of the cross- 
cutting pegmatite veins. 


Progressive Metamor phism 


In the Bellows Falls quadrangle, Kruger 
(1946, p. 166) has shown that there is an in. 
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FicurE 8.—METAMORPHIC SUBZONES IN THE LOVEWELL MountTAIN QUADRANGLE 


METAMORPHISM OF THE METASEDIMENTARY 
Rocks 


General Statement 


All the metasedimentary rocks and some of 
the plutonic rocks in the Lovewell Mountain 
quadrangle have been metamorphosed under 
high-grade conditions. In general, the intensity 
of the metamorphism increases from west to 
east. Orthoclase formed at the expense of 
muscovite under the highest intensity condi- 
tions; however, the orthoclase has altered to 
muscovite where retrograde metamorphism 
has occurred. Changes in chemical composition 
during metamorphism have not been great al- 
though locally alkalies were probably; ‘intro- 
duced or removed. 


crease in the grade of metamorphism from the 
Connecticut River toward the east. The silli- 
manite isograd, which is the boundary between 
the middle-grade and high-grade zones, trends 
nearly north-south and lies about 4 miles west 
of the western margin of the Lovewell Moun- 
tain quadrangle. Although the high-grade zone 
occupies the entire Lovewell Mountain quad- 
rangle, there is evidence that the intensity of 
metamorphism increases from west to east. 
In the western part of the area (as shown by 
vertical ruling in Fig. 8) sillimanite and musco- 
vite occur in the metasedimentary rocks and 
potash feldspar is lacking except in the lime- 
silicate rocks. East of this area, the metasedi- 
mentary rocks contain either orthoclase or 
aggregates of muscovite and quartz which 
appear to be pseudomorphous after orthoclase 
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(Fig. 8). The boundary between the meta- 
morphosed argillaceous rocks which lack ortho- 
clase and those which contain orthoclase or 
pseudomorphs after orthoclase is referred to as 
the ‘“‘orthoclase” isograd. In the rocks which 
contain orthoclase, muscovite is lacking except 
where retrograde metamorphism has occurred. 
(See modes in Table 4, columns 1 and 2, and 
Table 5, columns 1 and 11.) This suggests that 
the orthoclase formed largely at the expense of 
muscovite. The fact that fine sillimanite needles 
commonly penetrate biotite in the gneisses 
east of the “orthoclase” isograd indicates that 
some of the potash for the orthoclase may have 
been derived from biotite. 


Retrograde Metamor phism 


In most of the metasedimentary rocks in the 
central portion of the quadrangle, the ortho- 
clase porphyroblasts have been partially or 
completely replaced by muscovite and quartz 
(Fig. 8). Apparently the alteration of orthoclase 
occurred under high-grade conditions through- 
out most of this zone because sillimanite is 
prevalent and appears to be in equilibrium. 
The degree of alteration of the orthoclase in- 
creases from west to east. In the western portion 
of the area of retrograde metamorphism, all 
stages in the transition from orthoclase to 
aggregates of muscovite and quartz may be 
seen. In the partially altered porphyroblasts, 
muscovite occurs along cleavage planes in the 
orthoclase and shells of muscovite and quartz 
commonly surround the orthoclase. Although 
orthoclase is rare in the central part of the area, 
the form of the aggregates of muscovite and 
quartz indicates that they are actually pseudo- 
morphs after orthoclase porphyroblasts. 

The retrograde metamorphism was probably 
facilitated by solutions which were genetically 
related to the Kinsman quartz monzonite. 
Inasmuch as the pseudomorphs after orthoclase 
in the May Pond member contain considerable 
plagioclase, soda and lime were probably intro- 
duced in this zone. Throughout most of the 
area the orthoclase has simply been replaced 
by muscovite and quartz. A part of the potash 
in the original orthoclase was probably removed 
from the limits of the pseudomorphs because 
some of the pseudomorphs contain as little as 
5 per cent muscovite. However, the occurrence 


of muscovite in the matrix of the gneiss indi- 
cates that the potash may have migrated only 
a short distance. The fact that the specimen of 
gneiss which has undergone retrograde meta- 
morphism (LM 125, Table 15, column 2) con- 
tains only 0.2 per cent less potash than the 
specimen of orthoclase gneiss (LM6, Table 15, 
column 1) suggests that little if any potash was 
removed during the retrograde metamorphism. 

In the Hubbard Hill member, sillimanite has 
altered to muscovite in many of the schists 
which are west of the “orthoclase” isograd. 
This alteration is not necessarily the result of 
retrograde metamorphism in the sense that it 
occurred during declining intensity conditions. 
Muscovite was apparently stable in these 
schists during the entire period of meta- 
morphism, because orthoclase or pseudomorphs 
after orthoclase are lacking. Thus the alteration 
of sillimanite to muscovite may have occurred 
during progressive metamorphism as a result 
of the introduction of potash. 

The development of chlorite in various parts 
of the area indicates that some retrograde meta- 
morphism occurred under low-intensity condi- 
tions. Biotite has been most susceptible to 
chloritization although garnet has undergone 
slight alteration. Inasmuch as chlorite-bearing 
rocks are found sporadically throughout the 
area, the chloritization was probably unrelated 
to the alteration of the orthoclase. 


Origin of the Paragneisses 


The paragneisses are largely limited to the 
May Pond and Dakin Hill members. The chemi- 
cal analyses of specimens LM6 and LM125 
(Table 15, columns 1 and 2) suggest that the 
gneisses were originally shales. The homo- 
geneity and lack of bedding in the gneisses 
indicate that the initial shales probably formed 
a thick series with few sandstone beds. The 
gneisses apparently recrystallized after most 
of the deformation because they are not well- 
foliated. 

The graphite-bearing pyritiferous gneisses 
represented by the analyzed specimen of 
LM358 (Table 14, column 1) are believed to 
have been black shales. It is generally accepted 
(Twenhofel, 1939, p. 304) that the presence of 
carbonaceous matter and sulphur in sediments 
implies that there was poor circulation of the 
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TaBLeE 14.—ANALYsES OF Rocks CONTAINING CARBON 


1 2 3 | 4 | 5 6 
ee a 59.56 51.03 49.13 59.70 56.38 61.52 
17.45 13.47 13.92 16.98 15.27 17.59 
3.10 8.06 1.35 1.31 2.81 1.54 
3.84 1.87 4.88 3.23 4.86 
0.07 0.25 0.16 0.09 0.04 
SAS 2.67 1.15 5.11 3.23 2.84 2.76 
0.21 0.78 8.73 1.27 4.23 2.04 
0.79 0.41 0.20 1.35 1.30 1.74 
| errr 3.79 3.16 4.25 3.77 3.51 3.55 
2.98 4.69 3.82 4.09 1.96 
eer 0.38 0.81 1.52 0.30 0.77 0.65 
0.00 6.93 1.40 3.67 0.00 
1.10 0.66 0.79 0.78 0.64 
0.13 0.31 0.03 0.16 0.17 tr 
2.19 7.29 0.46* 0.63* 0.92* 0.49 
1.20 13.11 2.00 0.46 0.59 0.87 
100.17 102.90 101.10 100.29 100.73 100.25 
Less O for S and F.. 0.86 2.73 0.18 0.24 0.34 

99.31 100.17 100.92 100.05 100.39 


* The sulphur here given was computed from the FeS, reported in the original analyses. The iron in the 
FeS, was computed as Fe,0;. These adjustments were made so that the analyses in which FeS: was re- 
ported could be dire tly compared to the analyses in which sulphur was given separately. 

1. (LM358) Pyritiferous muscovite gneiss, Lovewell Mountain quadrangle, “a H. For mode see Table 5, 


column 10. L. C. Peck, analyst. 


2. Bituminous shale, Dry Gap, Ga. (Clarke, 1924, p. 552). L. G. Eakins, pe 
3. Shale, Hermosa, N. M. (Clarke, 1914, p. 256). G. Steiger, analyst. 0.86 per cent pyrite reported in the 


original analysis. 


4. Black slate, Benson, Vt. (Clarke, 1924, p. 554). W. F. Hillebrand, analyst. 1.18 per cent pyrite reported 


in the original analysis. 


5. Black roofing slate, Slatington, Penn. (Clarke, 1914, p. 252). W. F. Hillebrand, analyst. 1.72 per cent 


pyrite reported in the original analysis. 


6. Mica schist of the Orfordville formation, middle-grade zone, Mt. Cube area, N. H. (Hadley, 1942, 


p. 122). W. H. Herdsman, analyst. 


water during deposition. The lack of arenaceous 
beds and the general massiveness of the Dakin 
Hill member indicates that the conditions of 
deposition were quiet. 

Few complete analyses of black shales are 
available. Analyses of black slates are more 
common, but most of the specimens analyzed 
were roofing slates and are therefcre probably 
not representative of the group. Several 
analyses of black shales and black slates to- 


gether with the analyses of the pyritiferous 
gneiss from the Lovewell Mountain quadrangle 
are given in Table 14. The composition of the 
gneiss is not greatly different from that of the 
shales and slates except that it is richer in 
sulphur than most of the other rocks. However, 
the bituminous shale (Table 14, column 2) 
contains considerably more sulphur than does 
the gneiss; therefore it is possible that all the 
sulphur in the gneiss is original. 
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Carbonaceous rocks are not common in the 
low-grade and middle-grade zones of the 
Littleton formation, but black schists are fairly 
abundant in the middle-grade zone of the 
Orfordville formation. An analysis of one of the 
carbonaceous schists from the Orfordville 
formation in the Mt. Cube area is given in 
Table 14, column 6. Chapman (1939, Table 1) 
reported as much as 3 per cent pyrite in some of 
the black schists from the Orfordville formation 
in the Mascoma quadrangle. Thus the amount 
of pyrite in some of the middle-grade schists 
of the Orfordville formation is as great as in 
the high-grade gneisses of the Littleton forma- 
tion. 

If sulphur has been added to the pyritifer- 
ous gneisses, it probably was not introduced 
through simple pyritization, because the 
gneisses do not contain more iron than the 
nonpyritiferous types. Goldschmidt (1922) has 
suggested that carbon and sulphur may be 
introduced through the process of “carbon 
metasomation,” in which introduced CS, or 
COS reacts with iron-rich silicates to form 
graphite, pyrite, and quartz. However, evidence 
that iron-silicates have been altered in the 
gneiss is lacking. From the general massiveness 
of the gneiss and its similarity in chemical 
composition to some of the black shales, it is 
concluded that the carbon and sulphur are 
primary constituents and that the gneiss was 
originally a black shale. 

The light-colored nodules and bands in the 
gneisses are believed to have formed by re- 
placement and segregation rather than by 
magmatic injection. In some gneisses, well- 
formed porphyroblasts of orthoclase have cores 
of unreplaced gneiss. Even where the orthoclase 
is in the form of augen, there is generally evi- 
dence that the orthoclase grew by replace- 
ment. In the gneisses containing relatively thin 
lenses of orthoclase, it is difficult to determine 
whether the lenses represent highly drawn out 
porphyroblasts or concentrations of a former 
liquid phase. In the gneisses which have not 
undergone retrograde metamorphism, the lenses 
commonly contain over 90 per cent orthoclase 
and less than 10 per cent quartz. One would not 
expect a low-temperature liquid phase to be as 
rich in potash. In any case, the light-colored 
lenses probably do not represent introduced 
material. The analyzed specimen of orthoclase 


TABLE 15.—CHEMICAL ANALYSES OF META- 
MORPHOSED ARGILLACEOUS ROCKS FROM THE 
LITTLETON FoRMATION 


1 | 5 
LM6 | LM124 W219 | 
62.04] 58.94 59. 56,58.92'58. 14 
18.29| 18. 10.17.45/18.55|21.00 
Fe,0;* 0.33 0.49) 3.10! 0.94) 0.33 
8.45| 10.04. 3.84] 6.63, 6.32 
0.22] 0.25) 0.07| 0.08! 0.06 
3.23| 3.45| 2.67| 3.24) 3.41 
0.45| 0.89] 0.21| 0.48| 0.32 
0.77; 1.20| 0.79] 1.49] 1.10 
3.54| 3.34) 3.79] 3.74) 3.85 
0.99} 1.73] 2.98] 3.90] 4.47 
0.09} 0.06] 0.38] 0.11) n.d 
0.01] 0.00, 0.00] 0.25| 0.00 
1.11] 1.44) 1.10 0.93/ 0.65 
n.d n.d. | n.d. | n.d. | 0.04 
0.08| 0.05| 0.13) 0.14] 0.00 
n.d n.d. | 0.65) n.d. | nd 
0.00; 0.01) 0.00) n.d.| nd 
0.10] 0.10! 0.06) n.d.| nd 
0.03} 0.15| 2.19] 0.17] 0.09 
n.d n.d. | 1.20) n.d.| nd 
Less O for S and 
-0.06| — 
Total........ .|99.67|100. 12/99. 31/99. 51/99. 78 
2.85| 2.88) 2.72| 2.75| 2.777 


* Includes iron in pyrite. 

1. (LM6) Porphyroblastic orthoclase gneiss, Dakin 
Hill member, 0.1 mile south of the junction 
of Highways 10 and 123 in Marlow, Lovewell 
Mountain quadrangle. L. C. Peck, analyst. 

2. (LM125) Biotite gneiss, Dakin Hill member, on 
road 0.5 mile west of Spruceland Camps at 
Granite Lake, Lovewell Mountain quadrangle. 
L. C. Peck, analyst. 

3. (LM358) Pyritiferous muscovite gneiss, Dakin 
Hill member, on road 1.1 miles north of 
Ellisville, Lovewell Mountain quadrangle. 
L. C. Peck, analyst. 

4. (W219) Slate, quarry at Slate Ledge, approxi- 
mately 2.75 miles west of Littleton, N. H. 
(Billings, 1941, Table 10). G. Kahn, analyst. 

5. (L489) Slate, quarry at Slate Ledge, approxi- 
mately 2.75 miles west of Littleton, N. H. 
(Billings, 1937, p. 556). F. A. Gonyer, analyst. 


gneiss (LM6, Table 15, column 1) actually 
contains slightly less potash than the analyzed 
slates from the low-grade zone of the Littleton 
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formation (Table 15, columns 4 and 5). Fur- 
thermore, the amount of potash in the ortho- 
clase gneiss is about the same as in the two 
analyzed gneisses which contain no potash 
feldspar (Specimens LM125 and LM358, 


Sillimgnite 
Al, 05- (Ca0+ Na,0) 


Orthoclese 


Gornet 


Ko 
FicuRE 9.—PROJECTION OF ANALYZED PARA- 
GNEISSES 


Numbers same as in Table 15. Composition of 
the garnet, biotite, and orthoclase based on analyses 
given in Table 9. Composition of the muscovite 
—— from the rock analysis of specimen 
LM358. 


Table 15, columns 2 and 3). In Figure 9, the 
analyzed gneisses are plotted against molecular 
per cent K.0, Al,O; - (CaO + Na;O), and 
FeO + MgO + MnO. It is significant that the 
point representing the orthoclase gneiss (LM6) 
falls in the same general area in the diagram as 
do the points for the gneisses which lack ortho- 
clase (LM125 and LM358). The physical con- 
ditions rather than the chemical composition 
have been the important factors in the forma- 
tion of orthoclase in the gneisses. 

The origin of the light-colored lenses in the 
gneisses which have undergone retrograde 
metamorphism is not entirely clear. In the 
northern portion of the May Pond member, the 
lenses are composed mainly cf muscovite, 
quartz, and oligoclase. One interpretation is 
that the lenses represent injections of mag- 
matic material. However, in the same area 
there are aggregates of muscovite, quartz, and 
oligoclase which appear to be pseudomorphs 
after orthoclase porphyroblasts, suggesting 
that the light-colored lenses may represent 
altered orthoclase lenses. Except for slight 
additions of lime and soda, no change in com- 
position occurred. In the Dakin Hill member, 
the light-colored lenses are composed almost 
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wholly of quartz and muscovite. Many of these 
lenses also probably represent altered orthoclase 
lenses. 


Changes in Chemical Composition 


General Statement.—An exact determination 
of the changes in composition during meta- 
morphism was not possible because the original 
differences in composition between the rocks 
being compared were not precisely known. 
However, the fact that the composition of the 
schists and the paragneisses in the area is 
similar to the composition of the two analyzed 
slates from the Littleton formation in the 
Littleton-Moosilauke area (W219 and L489, 
Table 15) suggests that no major changes in 
composition occurred during metamorphism. 

Hubbard Hill member. —Although no analyses 
of the schists from the Hubbard Hill member 
are available, the modes of these rocks indicate 
that their composition is not greatly different 
from that of the slates in the low-grade zone. 
The average schist contains 10 per cent plagio- 
clase, about 0.8 per cent soda, and about 0.6 
per cent lime. The two analyzed slates from the 
Littleton-Moosilauke area (W219 and L489, 
Table 15) average 1.30 per cent soda and 0.40 
per cent lime. A few of the schists from the 
Hubbard Hill member contain as much as 30 
per cent plagioclase. Small amounts of soda 
and lime may have been added to these rocks 
or their original composition may have been 
slightly different from that of the slates. If 
material was added, it was probably introduced 
by dilute solutions or vapors rather than by 


-magmatic injection, because the light-colored 


constituents are evenly distributed throughout 
the rock. In the pseudo-sillimanite schists some 
potash was probably introduced during the 
muscovitization of the sillimanite. It is unlikely 
that the potash was derived from other minerals 
in the rock, Orthoclase is eliminated as a 
possible source of potash because pseudomorphs 
after orthoclase are lacking. Potash was not 
obtained from the biotite because there is no 
evidence that biotite has been replaced by 
garnet or chlorite. The fact that accessory 
tourmaline is fairly common in the pseudo- 
sillimanite schists suggests that boron may have 
been introduced perhaps at the same time as 
the potash. In the west-central portion of the 
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Hubbard Hill member, thin lime-silicate beds 
rich in lime and magnesia are closely associated 
with normal argillaceous rocks. Probably these 
compositional differences would have been 
eliminated if solutions had been effective in 
moving large amounts of material. 

Some of the gneisses in the Hubbard Hill 
member in the southwestern part of the area 
contain light-colored bands rich in andesine. 
In general, the total amount of andesine in the 
gneiss is about the same as in the average schist 
so that the banding may be the result of segre- 
gation without addition of material. Soda and 
lime may have been added locally where the 
gneiss contains 20 to 30 per cent andesine. 

May Pond and Dakin Hill members. —In the 
gneisses of the May Pond and Dakin Hill 
members, bands and nodules of light-colored 
minerals are common; however, the similarity 
in composition between the analyzed gneisses 
(Table 15, columns 1, 2, and 3) and the analyzed 
slates (Table 15, columns 4 and 5) suggests 
that no large changes in composition occurred 
during the metamorphism. In the analyzed 
orthoclase gneiss, Specimen LM6, orthoclase 
porphyroblasts comprise 8 per cent of the rock; 
yet the gneiss is no richer in potash than are the 
analyzed slates. Specimens LM6 and LM358 
are slightly poorer in soda than are the slates. 
However, the analyzed gneisses contain only 
about 3 per cent plagioclase, whereas the 
average gneiss carries about 10 per cent plagio- 
clase and about 1 per cent soda. Thus the soda- 
content of the gneiss is generally about the 
same as that of the low-grade rocks. Locally, 
where the gneiss contains as much as 35 per 
cent plagioclase, appreciable amounts of soda 
and lime may have been introduced. 


Summary of Metamorphism 


All the metasedimentary rocks in the area 
have been metamorphosed under high-grade 
conditions. Orthoclase developed at the expense 
of muscovite in the paragneisses during the 
peak of metamorphism. The orthoclase in the 
central portion of the quadrangle was largely 
replaced by quartz and muscovite during a 
period of retrograde metamorphism. Most of 
the metasedimentary rocks were probably 
derived from shales without any appreciable 
changes in composition during metamorphism. 


In portions of the Hubbard Hill member, how- 
ever, potash was apparently introduced during 
the alteration of sillimanite to muscovite. In 
the few rocks which contain as much as 35 per 
cent plagioclase, soda and lime were presum- 
ably added. 


ORIGIN OF THE PLUTONIC Rocks 


General Theory 


Several lines of evidence indicate that most 
of the bodies of Kinsman quartz monzonite 
have intruded the surrounding rocks. In the 
case of the Bethlehem gneiss the field relations 
are not as conclusive, but they do demonstrate 
that most of the gneiss moved as a magma. 
Definite conclusions could not be drawn regard- 
ing the origin of the granitic material which 
formed these bodies. Magma rising from great 
depth may have entered certain favorable 
horizons and formed the huge sill-like masses 
now exposed. Some features suggest that the 
granitic material originated at a comparatively 
shallow depth by the solution or partial solution 
of favorable beds. The mobilized material may 
have moved along approximately the same 
stratigraphic horizon at which it originated to 
form the intrusive sheets. 


Evidence of Intrusion 


General statement—The data pertinent to 
the problem of the origin of the plutonic rocks 
are assembled in Table 16. This material has 
been described in detail in the sections on 
plutonic rocks and structure. 

Kinsman quariz monzonite-—Field evidence 
clearly demonstrates that most portions of the 
Kinsman quartz monzonite are intrusive into 
the surrounding rocks. In the case of some of 
the small nonporphyritic masses of Kinsman 
quartz monzonite in the northern part of the 
area, the data are inconclusive as to whether 
the rock was injected or formed essentially in 
place. The evidence which indicates an intru- 
sive mode of emplacement is as follows: 

1. Beds in the schist have been forced apart 
and disrupted by the Kinsman quartz mon- 
zonite at some of the contacts. This relation is 
clearly shown in the exposures at Sand Pond 
(Fig. 10). Many of the lenticular pods of 
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TABLE 16.—CHARACTERISTICS OF THE KINSMAN 
Quartz MONZONITE AND THE BETHLEHEM 
GNEIss 
a Chemistry: Kinsman quartz monzonite—granite 
to quartz diorite, granodiorite predominating. 
Facies with large percentages of microcline 
phenocrysts generally granites; nonporphyritic 
facies generally quartz diorites. Average 4 per 
cent normative corundum. (For chemical 
analyses see Table 19.) 


ye Bethlehem gneiss—quartz monzonite to quartz 
diorite, granodioritie predominating. 
Mineralogy: Oligoclase-andesine, _—microcline, 
= quartz, biotite, and muscovite; sillimanite and 
: garnet in the bodies of Kinsman quartz mon- 
LE zonite in the eastern two-thirds of the quad- 
: rangle. (For modes see Tables 6, 7, 8.) 
Texture: Kinsman quartz monzonite—hypidio- 
morphic granular; coarse-grained, largely 
porphyritic with large crystals of microcline 
1 to 8 cm. long. Nonporphyritic phases more 
common in the small bodies. 


Bethlehem gneiss—granoblastic texture; medi- 

i um-grained with a few augen of microcline 

4 1-2 cm. long. 

Structure: Bodies strikingly concordant but with 
some large scale cross-cutting relationships; 
small scale cross-cutting relationships common 
along many of the contacts of the Kinsman 
quartz monzonite. 


Dikes rare. 


Contacts generally sharp but in some places 
very gradational. 


Foliation fairly well-developed in the Bethle- 
hem gneiss; poorly developed in the Kinsman 
quartz monzonite; phenocrysts with parallel: 
orientation common in the Kinsman quartz 
monzonite. Planar structures generally parallel 
to contacts. 


Slab-like inclusions parallel to foliation; most 
inclusions in the Bethlehem gneiss consider- 
ably reworked; in the Kinsman quartz mon- 
zonite some inclusions unaltered, others highly 
reworked. 


Kinsman in the schists appear to be the result 
of intrusion. These pods are probably not 
boudinages because evidence of granulation 
and plastic deformation within the pods is 
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FicurE 10.—ConTact BETEEN SCHIST 
KINsMAN QuARTZ MONZONITE 


AND 


d in cliff at north end of Sand Pond, 
Lempster. Beds in the schist (s) have been wedged 
apart and disrupted by the intrusion of the Kins- 


man quartz monzonite (kqm.). 


Ficure 11.—Pops or KInsMAN QuaRTz MONZONITE 


IN SCHIST 


Exposed in cliff at north end of Sand Pond, 
Lempster. s = schist; kqm = Kinsman quartz 


monzonite. 


lacking. Furthermore the pods are not blunt, 
but taper to relatively sharp points (Fig. 11). 
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2. Dikes of Kinsman quartz monzonite are 
found in the paragneisses several miles from the 
main plutons. A 3-foot dike is well-exposed 1 
mile southwest of Big Pond in Marlow. 

3. Where the Kinsman quartz monzonite 
cuts across the bedding of the schist inclusions, 


Ficure 12,—INcLUSION OF SCHIST IN THE KINSMAN 
QuaRTz MONZONITE 

0.3 mile west of Mack Hill, Marlow. On the 
southeast side of the inclusion of schist (s), the 
Kinsman quartz monzonite (kqm) cuts the bedding 
at an angle of about 10°. The foliation in the Kins- 
man is parallel to the contacts except at the blunt 
end of the inclusion where foliation is lacking. 


the foliation in the Kinsman is commonly 
parallel to the walls of the inclusions (Fig. 12). 
The foliation in these cases is obviously a flow 
structure and not an inherited feature. 

4. In the Bacon Ledge pluton, the large 
feldspar crystals have a parallel orientation 
whereas the biotite flakes are randomly ori- 
ented. If the alignment of the feldspar crystals 
were due to replacement along former planes of 
schistosity one would expect that the biotite 
flakes would also show a parallel orientation. 
The fact that the feldspar crystals are euhedral 
and show no signs of granulation rules out the 
possibility that they were oriented by differen- 
tial forces acting after the solidification of the 
magma. The feldspars were probably oriented 
during the late stages of magmatic flow. Be- 
cause of the large size of the feldspar crystals, 
they were more readily oriented than the 
smaller biotite flakes. 

5. Although there is a gradation from quartz 
monzonite to schist in a few places, most of 
the contacts are sharp (Fig. 13). Some of the 
inclusions of schist near the sharp contacts, 
however, are highly reworked. The original 
composition of many of these inclusions was 
apparently similar to that of the wall rock. 
In a body which formed by replacement, one 
would expect the wall rock to be altered if many 
of the slabs of schist near the contacts are 
highly reworked. 


6. In the middle-grade zone of the Keene 
quadrangle, Moore (1449) found that the 
Kinsman quartz monzonite was rimmed by a 
belt of silimanite schist which was only a few 
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FicurE 13.—Contact BETWEEN SCHIST AND 
KinsMAN QuARTz MONZONITE 
Half a mile northwest of Pumpkin Hill, Marlow. 
Bedding in schist (s) is truncated by the Kinsman 
quartz monzonite (kqm.). 


hundred feet wide. The fact that the high-grade 
schists in the central part of this area are con- 
fined to narrow border zones along the pluton 
suggests that the Kinsman quartz monzonite 
intruded these rocks and furnished the heat 
necessary for the more intense metamorphism 
of the schists. 

Bethlehem gneiss——Although some of the 
Bethlehem gneiss may have formed in place, 
the following evidence indicates that large 
masses of the gneiss moved as a magma: 

1. The fact that the schists diverge at the 
southern extremity of the Mt. Clough pluton 
(Pl. 4) indicates that they were probably in- 
truded by the Bethlehem gneiss and wedged 
apart. 

2. Although most of the Mt. Clough pluton 
is concordant, the southern portion cross-cuts 
the lower part of the Littleton formation. 
Over a distance of 10 miles, the base of the 
pluton rises 5000 feet in the stratigraphy. 
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3. Cross-cutting contacts between the Beth- 
lehem gneiss and schist have been observed in 
the Mt. Cube area (Hadley, 1942, p. 165). 


Evidence of Replacement 

Kinsman quarts monzonite——Evidence that 
large portions of the Kinsman quartz monzonite 
formed by replacement in situ is lacking. The 
paragneisses that have porphyroblasts of ortho- 
clase are texturally somewhat similar to the 
porphyritic phases of the Kinsman, but the 
porphyroblastic paragneisses can not be con- 
sidered as intermediate phases in a process of 
granitization of argillaceous rocks because their 
chemical composition does not approach that 
of the Kinsman quartz monzonite. The por- 
phyroblastic paragneisses are as rich in alumina 
and as poor in soda and lime as the slates in the 
low-grade zone (Table 15). 

Some of the nonporphyritic phases of the 
Kinsman quartz monzonite which occur in 
small bodies in the northern portions of the 
May Pond and Dakin Hill members are not 
greatly different from the paragneisses which 
are rich in plagioclase (Table 5, column 6). 
Inasmuch as cross-cutting relations have not 
been observed and some of the contacts are 
gradational, the Kinsman quartz monzonite 
may have originated at a comparatively shallow 
depth through processes analogous to those 
which formed the paragneiss. However, com- 
pelling evidence against an intrusive origin for 
these bodies is lacking. 

Bethlehem gneiss—There is no conclusive 
evidence that any of the Bethlehem gneiss 
formed in place, but some features suggest that 
replacement processes may have been locally 
important. Relatively fine-grained layers which 
are a few inches thick occur in the gneiss within 
1500 feet of the upper (eastern) contact of the 
Mt. Clough pluton in the northern part of the 
quadrangle. Microscopic study of one of these 
layers indicated that it was mineralogically 
similar to the enclosing gneiss except for a lack 
of potash feldspar. It is unlikely that the fine- 
grained layers are younger sill-like injections 
because they are poorer in potash feldspar than 
the older rock. Another possibility is that the 
layers represent highly reworked inclusions. 
Some of the layers are only a few inches thick 
and are at least several tens of feet in length. 


One would not expect inclusions of these dimen. 
sions to remain intact if the enclosing rock 
moved appreciably. The fine-grained layers may 
represent relic beds in a portion of the gneiss 
which formed essentially in place. The fact that 
the upper contact is gradational in some places 
is in harmony with this idea, although the 
gradational contacts could have resulted 
through the action of solutions emanating 
from a magma. 


Conclusions 


From the evidence considered, it is concluded 
that at least the main portions of the Kinsman 
quartz monzonite and Bethlehem gneiss are 
intrusive into the surrounding rocks. For pur- 
poses of discussion this injected material will 
be referred to as magma although it may never 
have been entirely liquid. 


Syntectonic Nature of Intrusion 


The evidence in the Lovewell Mountain 
quadrangle supports the conclusion reached by 
Billings (1937, p. 537, 538) that the Bethlehem 
gneiss and the Kinsman quartz monzonite were 
intruded during the orogeny. Apparently de- 
formation preceded the intrusion because the 
inclusions in the plutonic rocks are schistose. 
The secondary foliation that has developed in 
some of the pegmatites which cut the plutonic 
rocks indicates that deformation continued 
after intrusion. The Bethlehem gneiss was 
apparently intruded slightly earlier than the 
Kinsman quartz monzonite because the Beth- 
lehem is more granulated and a secondary linea- 
tion has been imposed on it. 


Metamor phism of the Plutonic Rocks 


Although the Bethlehem gneiss and the 
Kinsman quartz monzonite were probably 
intruded near the close of the orogeny, they 
have undergone some metamorphism. In the 
Bethlehem gneiss, the microcline phenocrysts 
and large quartz grains have been diawn out 
into augen; however, mortar and cataclastic 
textures are not as common as in the Bethlehem 
gneiss of the Littleton-Moosilauke area (Bil- 
lings, 1937, p. 506). 

The Kinsman quartz monzonite in the 
eastern part of the area has also been affected 
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by the metamorphism. Although sillimanite 
generally comprises less than 1 per cent of the 
Kinsman, it is widely distributed except in the 
southern portion of the Huntley Mountain 
pluton. Some of the sillimanite needles may be 
magmatic or relics from incorporated schist 
inclusions, but the following evidence indicates 
that at least part of the sillimanite is meta- 
morphic: 

1. Undeformed sillimanite needles commonly 
extend across granulated quartz grains. 

2. Sillimanite needles are concentrated in 
myrmekite at the margins of microcline pheno- 
crysts which are essentially free of sillimanite. 

3. The pseudomorphs after microcline in the 
eastern portion of the Huntley Mountain pluton 
contain as much as 3 per cent sillimanite. The 
microcline probably was altered during regional 
metamorphism, because the orthoclase in the 
nearby paragneisses of the May Pond member 
is similarly altered. 

Garnets comprise 1-5 per cent of the Kins- 
man quartz monzonite in the eastern two-thirds 
of the quadrangle. The garnets may have 
originated by (1) mechanical incorporation 
from schist, (2) crystallization from magma, or 
(3) later metamorphism. 

Simple mechanical incorporation of the 
garnets from the wall rock seems unlikely be- 
cause the garnets in the Kinsman quartz mon- 
zonite are much larger than in the metasedi- 
mentary rocks. 

The possibility that the garnets in the Kins- 
man quartz monzonite crystallized from a 
magma cannot be entirely ruled out; however 
the following evidence is against a magmatic 
origin: 

1. In the garnetiferous phases of the Kins- 
man quartz monzonite, the garnets are fairly 
evenly distributed throughout the rock and 
are not concentrated in or near inclusions. If 
the garnets formed as a result of reaction with 
inclusions, one would expect them to be spati- 
ally related to the inclusions. Furthermore, 
reworked inclusions are common in the western 
part of the quadrangle; yet most of the rock is 
nongarnetiferous. 

2. Pyrogenetic garnets in granitic rocks are 
generally poor in pyrope and contain appreci- 
able amounts of spessartite (Fig. 14). The gar- 
net from the Kinsman quartz monzonite 


(indicated by a cross in Fig. 14) is relatively 
rich in pyrope and poor in spessartite. 

3. The composition of the garnetiferous 
Kinsman quartz monzonite is approximately 
the same as that of the nongarnetiferous types 


Py 


Al weight per cent Sp 


FicurE 14.—ComposiTion OF GARNETS FROM 
GRANITES 

Shown by dots. Al = almandite; Sp = rt- 

ite; Py = pyrope. Data from Wright (1938) and 

Hintze (1899). Cross represents the analyzed garnet 

from the Kinsman quartz monzonite (Table 9). 


(Table 17). If the garnets are of magmatic 
origin, it is difficult to understand why they 
formed in one magma and not in another of 
the same composition. 

The evidence which supports a metamorphic 
origin for the garnets is as follows: 

1. As nearly as can be determined from 
physical properties, the garnets in the Kinsman 
quartz monzonite are identical in composition 
with those from the metasedimentary rocks in 
the area. Furthermore, the proportion of the 
major molecules in the average garnet from 
biotite schist in weight per cent is: 78.5% 
almandite, 15% pyrope, and 6.5% grossularite 
(Wright, 1938, p. 441). The proportion of these 
molecules in the garnets from the Kinsman is: 
83% almandite, 16% pyrope, and 1% gros- 
sularite. 

2. The garnetiferous phases cf the Kinsman 
quartz monzonite lie in the high-intensity por- 
tion of the high-grade zone; the nongarnetifer- 
ous types generally occur in areas of less intense 
metamorphism. 
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TaBLe 17.—CnemicaL ANALYSES oF KINSMAN 
Quartz MoNzoNITE 


1 | 2 | 3 
Specimen No. 

LM1 L556 L585 
66.60 | 66.74 | 65.52 
"SPR 15.86 | 15.70 | 16.72 
Su 0.06 0.06 0.06 
2.61 2.60 2.76 
0.59 0.79 1.21 
0.08 0.00 0.00 
0.95 0.70 0.70 
0.23 0.11 0.23 

0.01 n.d. n.d 
0.08 n.d. n.d. 

Less O for S and F.. .|—0.10 
99.72 | 99.89 | 99.91 


1. (LM1) Kinsman quartz monzonite, porphyritic 
granodiorite facies, Bacon Ledge pluton, 
Forest Road 300 feet east of Nelson-Antrim 
town-line, Lovewell Mountain quadrangle. 
L. C. Peck, analyst. 

2. (L556) Kinsman quartz monzonite, porphyritic 
type, Kinsman Notch, outlet of Beaver 
Pond, Moosilauke quadrangle. (Billings, 1937, 
p. 556). F. A. Gonyer, analyst. 

3. (L585) Kinsman quartz monzonite, nonporphy- 
ritic type, Kinsman Notch, on highway half 
a mile east of B. M. 1814, Moosilauke quad- 
rangle. (Billings, 1937, p. 556). F. A. Gonyer, 
analyst. 


For these reasons it is believed that the 
garnet in the Kinsman quartz monzonite formed 
during metamorphism, probably at the expense 
of biotite. No analyses of biotite from the non- 
garnetiferous phases of the Kinsman are avail- 
able. A computation based on the rock analysis 
of the nongarnetiferous phases of the Kinsman 
quartz monzonite from the Littleton-Moosi- 
lauke area (Table 17, Specimen L585) indi- 
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cates that the ratio FeO:MgO in the biotite 
is 1.6. In the Lovewell Mountain quadrangle, 
a biotite of this composition may have reacted 
with some of the muscovite to form the garnet 
(FeO:MgO = 4.2) and the biotite (FeO:Mg0 
= 1.1) which are now found in the Kinsman, 

The exact factors which caused the meta- 
morphism of the Kinsman quartz monzonite 
are not known, but it is probable that moving 
solutions played an important part. The fact 
that the garnetiferous phases of the Kinsman 
quartz monzonite are limited to the eastem 
two-thirds of the quadrangle suggests that the 
solutions were related to the late phases of 
crystallization of the deeper portions of the 
Bacon Ledge pluton. 


Origin of the Large Feldspar Crystals in the 
Kinsman Quartz Monzonite 


The large crystals of microcline in the 
Kinsman quartz monzonite are probably of 
magmatic origin and not the result of replace- 
ment. The evidence which supports this con- 
clusion is as follows: 

1. In many places the microcline crystals 
show a parallel orientation; yet they are eu- 
hedral and exhibit no signs of deformation. 
Apparently the crystals were aligned while the 
magma was still partially fluid. In many places 
the biotite flakes in the Kinsman are randomly 
oriented whereas the microcline crystals show 
a marked parallelism. Is is therefore unlikely 
that the microcline ‘crystals are porphyroblasts 
which grew along planes of schistosity. 

2. The microcline crystals are commonly 
smaller in the small bodies of the Kinsman 
quartz monzonite. This suggests that the micro- 
cline is magmatic and that the size of the micro- 
cline crystals was influenced by the rate of 
cooling of the magma. 

Several lines of evidence indicate that the 
microcline crystals are not intratelluric but 
grew in the later stages of the crystallization of 
the magma. 

1. In almost every specimen, the microcline 
occurs only as large crystals and is not found 
in the groundmass. If the phenocrysts were 
intratelluric, a second generation of micro 
cline would normally occur in the groundmass. 

2. The fact that the phenocrysts are genet- 
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ally smaller in the small bodies of Kinsman 
quartz monzonite indicates that the growth of 
the crystals was probably controlled by condi- 
tions existing in the body at the time of its 
final emplacement. 

3. Metacrysts of microcline are found in 
inclusions of mica-quartz schist in the Kinsman 
quartz monzonite. Metacrysts of potash feld- 
spar do not occur in the mica-quartz schists 
outside of the plutonic bodies; therefore, the 
microcline must have grown after the schist 
had been incorporated in the magma. Presum- 
ably the inclusions were picked up at a rela- 
tively shallow depth. 

4. The fact that the microcline phenocrysts 
contain inclusions of the other constituent 
minerals suggests that the formation of the 
microcline -did not precede the growth of 
the other minerals. 

The available data on the physical chemistry 
of the siliceous rocks also indicate that potash 
feldspar would not be the first mineral to crys- 
tallize in a quartz monzonite or granodiorite. 
Complete agreement regarding the position 
of the field boundary in the orthoclase-plagio- 
clase equilibrium diagram is lacking (Bowen, 
1928; Doggett, 1929; Vogt, 1926, 1930). The 
diagram proposed by Bowen (1928, p. 231) is 
largely hypothetical because it is based on 
limited experimental data. The diagram given 
by Doggett is based on a statistical study of 
fine-grained igneous rocks. Vogt (1930) made 
a similar study but included coarse-grained 
rocks. His data failed to support Doggett’s 
diagram. The orthoclase-plagioclase equilibrium 
diagrams proposed by Vogt (1926, 1930) were 
based on the sequence of crystallization in coarse- 
grained plutonic rocks and extrusive rocks many 
of which contained phenocrysts of more than 
one mineral. His results are open to question 
because the order of crystallization in some of 
the rocks which he considered is not entirely 
clear. 

From a consideration of the sequence of 
crystallization in fine-grained rocks, the writer 
has deduced the orthoclase-plagioclase diagram 
given in Figure 15. To eliminate errors in the 
interpretation of the order of crystallization as 
far as possible, the study was limited to those 
fine-grained rocks which had phenocrysts of 
only one mineral. The data have been obtained 
from the compilations of rock analyses by 


Clarke (1914) and by Wells (1937). For the 
most part, only extrusive rocks were considered; 
however, informaticn on the mode of occurrence 
of some of the fine-grained rocks was not 


Figure 15.—OrRTHOCLASE-PLAGIOCLASE 
Equitiprium DIAGRAM 


Based on the order of crystallization in fine- 
grained igneous rocks. Dots = rocks in which ortho- 
clase is the only phenocryst; crosses = rocks in 
which plagioclase is the only phenocryst; open circle 
= analyzed specimen (LM1) of Kinsman quartz 
monzonite from the Lovewell Mountain q 4 


available, so that a number of hypabyssal rocks 
have probably been included. Although the 
entire field boundary cannot be located accu- 
rately, there is fairly good control in the more 
controversial portions of the diagram. The 
deduced boundary nearly coincides with that 
given by Bowen but is in poor agreement with 
those presented by Vogt. 

The composition of Specimen LM1 is be- 
lieved to be fairly representative of the Kins- 
man quartz monzonite in the Lovewell Moun- 
tain quadrangle. The point corresponding to 
this specimen (Fig. 15) falls well within the 
plagioclase field. It is therefore unlikely that 
potash feldspar would begin to crystallize be- 
fore plagioclase in a magma of this composition. 

Cross (1894), Pirrson (1899), Watson (1901), 
Pecora (1940), and Nockolds (1946) have cited 
cases in which the porphyritic growth of potash 
feldspar apparently occurred after emplacement 
of the magma but before final crystallization. 

From the available data, it is concluded that 
the large microcline crystals in the Kinsman 
quartz monzonite are magmatic rather than the 

result of replacement. Most of the evidence 
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indicates that the large crystals are not of 
intratelluric origin but formed after the bodies 
had been partially emplaced. The reason potash 
feldspar tends to form large crystals in certain 
magmas is not clear. Most phases of the Beth- 
lehem gneiss and the Concord granite are non- 
porphyritic; yet the range in composition of 
these rocks is mainly the same as that of the 
Kinsman quartz monzonite. The tendency of 
potash feldspar to form large crystals may be 
favored by high-water content of magma, al- 
though it cannot be proved that the Kinsman 
was richer in water. 


Origin of the Magma 


General statement—As stated in a previous 
section, several lines of evidence indicate that 
most portions of the Kinsman quartz mon- 
zonite and Bethlehem gneiss are intrusive into 
the surrounding rocks. Regarding the origin of 
the magma, the following theories are consid- 
ered: (1) differentiation of basaltic magma, (2) 
assimilation of sediments by basaltic magma, 
(3) “pure melting” of older granitic rocks, and 
(4) solution of beds at a comparatively shallow 
depth. 

Differentiation of basaltic magma.—As Quinn 
(1944) pointed out, there is little evidence that 
the New Hampshire magma series originated 
by fractional crystallization of basaltic magma. 
The series is of restricted composition and the 
siliceous members are far more abundant than 
the basaltic ones. 

Assimilation of sediments by basaltic magma. 
—Although inclusions of schist are common in 
the Kinsman quartz monzonite, it is unlikely 


that assimilation of schist by basaltic magma 


would in itself account for the observed rock 
types. The composition of the least amount of 
material which can be added to the average 
plateau basalt to produce the Kinsman quartz 
monzonite is given in Table 18, column 3. 
The amount of material which must be added 
is three times the original magma. The cal- 
culated addition does not even approximate 
the composition of most of the metasedimentary 
rocks in New Hampshire. In general the schists 
are richer in iron and magnesium than is the 
Kinsman quartz monzonite so that the simple 
addition of schist to a mafic magma would not 
produce the Kinsman. If fractional crystalliza- 


86 M. T. HEALD—LOVEWELL MOUNTAIN QUADRANGLE, N. H. 


tion accompanied or followed assimilation of 
the metasedimentary rocks, some of the excess 
iron and magnesium might have been removed 
leaving a slightly aluminous magma similar to 


TABLE 18.—COoOMPOSITION OF THE LEAST AMOUNT 
OF MATERIAL WHICH CAN BE ADDED TO AVER- 
AGE PLATEAU BASALT TO PRODUCE THE Kins. 
MAN QuaRTz MONZONITE 


1 2 3 
Sees 48.80 | 66.60 73.2 
SRS 13.98 15.86 16.8 
Fe:03... 3.59 0.35 
9.78 4.48 2.2 
MgO......... 6.70 1.50 0.0 
CaO... 9.38 2.64 0.6 
aS 2.59 2.61 2.6 
0.69 3.58 4.5 
1.80 0.59 = 
SS 33 0.23 ~ 


1. Average plateau basalt (Daly, 1933, p. 17). 

2. Kinsman quartz monzonite, Specimen LMI 
from the Lovewell Mountain quadrangle. 
L. C. Peck, analyst. 

3. Composition of the least amount of material 
which can be added to average plateau basalt 
to produce the Kinsman quartz monzonite. 


the Kinsman quartz monzonite. However, it 
is questionable whether sufficient heat would 
have been available for an appreciable amount 
of assimilation or whether the special condi- 
tions necessary for the postulated sequence of 
events would have prevailed. 

“Pure melting” of older granitic rocks— 
The fact that few members of the New Hamp- 
shire magma series are mafic suggests that the 
magma may have formed by the remelting of 
older granitic rocks. Remelting probably occurs 
at considerable depth so that evidence for or 
against this process would be difficult to obtain. 

Solution of beds at a comparatively shallow 
depth—The magma may have formed by proc- 
esses analogous to those advocated by Billings 
(1941, p.931) for the banded gneisses in the 
Mt. Washington area. Rocks similar in com- 
position to the slates of the low-grade zone were 
believed to have been altered to gneiss by 
moving solutions. By selective fusion or solu- 
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tion of the rock, a liquid phase formed which is 
now represented by the light-colored streaks in 
the gneiss. “In the areas of most intense altera- 
tion, where 4 or 5 per cent of soda, lime, and 
potash were introduced, the whole rock became 


TaBLE 19.—AVERAGE MopeEs oF BANDED GNEISS 
AND BETHLEHEM GNEISS 


1 2 


1. Banded gneiss from the Mt. Washington 
Area (Billings, 1941, p. 880). 

2. Bethlehem gneiss from the Lovewell Moun- 
tain quadrangle. 


a molten mush similar to magma’ (Billings, 
1941, p. 931). 

The modal composition of the gneisses 
formed by these processes is not greatly dif- 
ferent from that of the Bethlehem gneiss in the 
Lovewell Mountain quadrangle. The average 
modes of the banded gneiss from the Mt. 
Washington area and the Bethlehem gneiss 
from the Lovewell Mountain quadrangle are 
given in Table 19. One of the most striking 
differences in these modes is the lack of potash 
feldspar in the banded gneiss. However, potash 
feldspar is also lacking in some phases of the 
Bethlehem gneiss and in nearly all the Kins- 
man quartz monzonite which occurs in small 
bodies in the metasedimentary rocks. Further- 
more, a small addition of potash to the banded 
gneiss would convert the muscovite to potash 
feldspar and thus produce a rock quite similar 
to those phases of the New Hampshire magma 
series which contain microcline. Although the 
average banded gneiss is poorer in plagioclase 
than are the plutonic rocks, some of the light- 
colored banded gneisses contain up to 50 per 
cent plagioclase (Billings, 1941, p. 928). Thus 
in a more advanced stage of the transformation, 
a magma or essentially liquid mass similar in 
composition to the Bethlehem gneiss or the 
Kinsman quartz monzonite might be produced. 

It may not be mere coincidence that most of 
the Mt. Clough pluton occurs at the same strati- 
graphic horizon as the banded gneiss in the Mt. 


Washington area. The northeast extremity of 
the Mt. Clough pluton lies less than 10 miles 
from the area of banded gneiss. Although the 
Mt. Clough pluton appears to be largely in- 
trusive, the magma may have formed by the 
solution of beds which occurred at the same 
stratigraphic horizon as the pluton. Movement 
of the magma along this horizon would account 
for the intrusive features and the remarkable 
concordance of the body. Some of the bodies of 
Bethlehem gneiss which lie in areas of middle- 
grade metamorphism, such as the Bellows Falls 
pluton in the Bellows Falls quadrangle, are 
believed to be detached portions of the Mt. 
Clough pluton (Kruger, 1946, p. 190). The 
magma which formed these bodies probably 
originated at least several miles to the east. 
In the Lovewell Mountain quadrangle, most of 
the evidence also indicates that the Bethlehem 
gneiss has undergone movement. However, as 
pointed out in a previous section some features 
suggest that the gneiss along the upper portion 
of the pluton may not have moved far from its 
place of origin. 

Conclusions.—Definite conclusions regarding 
the source of the magma cannot be drawn be- 
cause the observed features can be explained by 
several different theories. Derivation of the 
magma from basalt by fractional crystalliza- 
tion or by assimilation of sediments seems 
unlikely, but these theories cannot be entirely 
ruled out. It is quite possible that the magma 
formed by the solution of pre-existing rocks. 
This process may have occurred at a relatively 
shallow depth because some parts of the Little- 
ton formation have been transformed into 
gneiss which is: chemically somewhat similar to 
the plutonic rocks. The solution or partial solu- 
tion of certain favorable strata and movement 
of the mobilized material parallel to the bed- 
ding would account for the sill-like form of the 
bodies and the intrusive relations. 


SumMARY OF GEOLOGIC HisToRY 


The earliest recorded event in the Lovewell 
Mountain quadrangle was the deposition of the 
Littleton formation during the lower Devonian. 
The first deposits consisted of well-stratified 
shales and sandy shales with a few lenses of 
impure dolomite, sandstone, and quartz con- 
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glomerate. These beds were followed by a thick 
series of massive shales. The total accumulation 
in the Lovewell Mountain and Bellows Falls 
quadrangles was probably 25,000 feet. 

During the orogeny in the middle or late 
Devonian, the strata were steeply tilted to the 
east forming the east limb of a large anticline, 
the axis of which is in the Bellows Falls quad- 
rangle. It is not known whether the axis of the 
syncline is in the eastern part of the Lovewell 
Mountain quadrangle or in the area to the east. 
The beds in the central part of the area were 
thrown into a series of large isoclinal folds. 
Minor folds with wave lengths ranging from a 
fraction of an inch to several feet also developed. 
Schistosities of both the bedding and axial 
plane types formed in the schists in the western 
part of the area. 

Recrystallization accompanied and followed 
deformation. In the paragneisses of the Dakin 
Hill member most of the recrystallization ap- 
parently took place after deformation because 
foliation is poorly developed in these rocks. 
During the peak of metamorphism, orthoclase 
formed at the expense of muscovite throughout 
a large part of the area, but the orthoclase was 
replaced by muscovite and quartz during de- 
clining intensity conditions in most of the 
eastern two-thirds of the quadrangle. Little 
change in chemical composition took place 
during the metamorphism except for a small 
addition of potash to the pseudo-sillimanite 
schists and an addition of soda and lime to 
some of the paragneisses. 

Near the close of the orogeny, bodies of 
Bethlehem gneiss and Kinsman quartz mon- 
zonite were emplaced. Definite intrusive rela- 
tionships along most of the contacts indicate 
that the granitic material which formed these 
bodies moved as a magma. The granitic material 
may have originated at a comparatively shal- 
low depth by the solution or partial solution of 
pre-existing rocks. During the last stages of 
the metamorphism, sillimanite and garnet 
formed in the Kinsman quartz monzonite in 
the eastern two-thirds of the area. 
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